
This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 
to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 
to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 
are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other marginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 
publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing this resource, we have taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 

We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain from automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attribution The Google "watermark" you see on each file is essential for informing people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liability can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 



at |http : //books . google . com/ 











wrsfe- 





^fi! 






■'^-'^'t. O "<^ ~V .yb^ j^'O^ 



SCI 



\ARY oo<^le 



Digitized by 



Google 



Digitized by VjOOQIC 



Digitized by 



Google 



Digitized by 



Google 



<D 



AM 



ELEMENTARY TREATI^ 



CURVES, FUNCTIONS, AND FORCES. 



VOLUME SECOND) 



coirTAimivo 



CALCULUS OF IMAGINARY QUANTITIES, RESIDUAL 
CALCULUS, AND INTEGRAL CALCULUS. 



By benjamin PEIRCE, A. M. 

Perkini ProfeMor of JLitronomj and M atliematieii in Harrard Unirenity. 



J^BOSTON: 



JAMES MUNROE AND COMPAJNY. 
1846. 



Digitized by VjOOQIC 



Alath ^00%,^^y 



s-? 



tt 



Entered Meordiof to Aot of Congren, in tlie yen 1846, bj 
Jahsb Munroe and CoMPAmr, 
in the Olerk'i Office of the Diitriet Court of the District of 



BOUND OCT J4 19,2 



BOSTON: 

FRUITED BT THURSTON, TORRT ft 00^ 

31 DeTonshire Street. 



Digitized by 



Google 



CONTENTS. 
BOOK III. 

CALCULUS OF IMAGINARY aUANTITIES. 
CHAPTER I. 

MODULUS AND ARGUMENT 3 

CHAPTER n. 

IMAGINARY INFINITESIMALS . . . .12 

CHAPTER ni. 

IMAGINARY ROOTS OF EQUATIONS 13 

CHAPTER IV. 

' IMAGINARY EXPONENTIAL AND LOGARITHMIC FUNCTIONS 22 

CHAPTER V. 

IMAGINARY CIRCULAR FUNCTIONS ..... 25 

CHAPTER VI. 

REAL ROOTS OF NUMERICAL EQUATIONS .... 31 

BOOK IV. 

RESIDUAL CALCULUS. 
CHAPTER I. 

KESIPUATION 43 



Digitized by VjOOQIC 



» 






IV C0NTSNT8. 



CHAPTER II. 

DEVELOPMENT OF FUNCTIONS, WHICH HAVE INFINITE VALUES 52 



BOOK V. 

INTEGRAL CALCULUS. 
CHAPTER I. 

INTEGRATION ^ 

CHAPTER II. 

INTEGRATION OF RATIONAL FUNCTIONS ... 69 

CHAPTER HI. 

INTEGRATION OF IRRATIONAL FUNCTIONS ... 77 

CHAPTER IV. 

INTEGRATION OF LOGARITHMIC FUNCTIONS . ; 101 

CHAPTER V. 

INTEGRATION OF CIRCULAR FUNCTIONS . . . . 1 16 

CHAPTER VI. 

RECTIFICATION OF CURVES 124 

CHAPTER VH. 

QUADRATURE OF SURFACES . , , . . ,166 

CHAPTER Vm. 

THE CURVATURE OF SURFACES 185 

CHAPTER IX. 

THE CUBATURE OF SOLIDS 197 

CHAPTER X, 

INTEGRATION OF LINEAR DIFFERENTIAL EQUATIONS . 207 

Digitized by VjOOQIC ' 



C0NTKNT8. 

CHAPTER XI. 

18 52 INTBORATION OF DIFFERENTIAL EQUATIONS OF THE FIRST 
ORDER 

CHAPTER XIT. 

INTEGRATION OF DIFFERENTIAL EQUATIONS OF THE SEC- 
OND ORDEk '274 

CHAPTER Xin. 

PARTICULAR SOLUTIONS OF DIFFERENTIAL EQUATIONS • 287 

63 



Digitized by VjOOQIC 



Digitized by VjOOQIC 



/ 

CORRECTIONS. 




Pag$ Km 

25 12 x^— 1 V-1. 

26 (107) \ 

:; ffj?j } n. (n + 4).. 

« (114) -^ 

29 (138) ) 

" (139) \ 2B B. 

" (140) > 

32 (149) /'(^.+ !yL^±5. 

a (151) n^ d^ja^i) 

48 7 6>— 2ai^at ^— 3ai. 

53 23 finite iofinite. 

54 14 31 33. • 

55 (217) *'x»-i *'«*'-». 

64 (247) (« + a) /.(« + «). 

65 (252) /.x, /.«i-/.Xo. 

& 3it 

66 2 The fraction is to be multiplied hj (1— r~ x' + j- s*.) 

89 (373) m-fl+mp-m^ « + l+mp-«# . 

90 (380) 
92 1 



*x« ft_x» 

a a 

10 ^10 

95 14 biomial binomial. 

107 (19 and 20) i ^. 

108 (458) The first and second members are to be divided hj k, 

113 (501) n + 1 «^1. 

114 (504) ' « + l n — 1. 



Digitized by 



Google 



TUl 




COBESCTIONS. 




r^g. 


Km 


> 


rMtf 


119 


(643) 


It 

■"2"a 


k 

+ 2-a- 


121 


5 


1 


ft 


125 


9 


•«' + «-«• 


«^*-.24.«-«*. 


126 


18 


or F*T 


or jF' 2*. 


127 


—1 


P' 


P- 


<« 


11 Add, 


or are sappiementi of each other (fig. 2). 


128 


2 and 3 


Pi 


P- 


129 


(574) 


e 


««. 


134 


(612) 


t 


t'. 


« 


(618) 


db 


dbJi. 


196 


11 


are 


is. 


137 


13 


(635) 


(630). 


138 


(643) 


6f' and tpif 


tf^andy^. 


(C 


(648) 


■ff 


A 


139 


(649) 


V" 


Vo- 


u 


(652) 


A- 


/^ 


140 


.(658) 


(618) 


(658). 


t< 


9 


fig. 5 


fig. 6. 


« 


19 


X 


V- 


143 


(680) 


2e 


4e. 


cc 


13 and 15 


F> 


IfV/. 


148 


2 


A 


A 


149 


2 


tangent 


perpendicular. 


151 


(732) 


<p sin. |S cot. a 
e 


<P lin. « eot. a. 


it 


(735) 


» 


tp cot. «. 


152 (738) & (739) 


V 


9 cot. a. 


154 


(751) 


X'o 


Xi'. 


155 


24 


time 


line. 


164 


(789) 


H-e»co8.2« 


cot.* tf. 


« 


(792) 


H-e«co8. 2« 


cot.* a. 


170 


3 


angular 


annttZar. 


274 


(24 e) 


i),V=$ + 5A« 


D, p = ^ + S A X 



Digitized by 



Google 



BOOK III. 
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BOOK III. 

CALCULUS OF IMAGINARY QUANTITIES. 



CHAPTER I. 

MODULUS AND ARGUMENT. 

1. The general form, to which geometers attempt 
to reduce all imaginary expressions, is that of a bino- 
mial, in which one term is real and the other term is 
the product of a real factor by the imaginary factor 

a. Thus, if A denote the real term, and B the real factor of 
the imaginary term, this binomial type of imaginary quanti- 
ties is 

.4 + J5V— 1. (1) 

b. As this expression is imaginary, all operations, such as 
addition, multiplication, &c., performed upon it or by it, are 
wholly devoid of their ususd meaning, and may admit of any 
conventional interpretation. But, then, rules must be adopted 
for performing the operations which shall be consistent with 
this interpretation ; or, reciprocally, the rules for performing 
the operations may be assumed at pleasure^ provided that a 
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4 IMAOINART QUANTITIES. [b. III. CH. I. 

Values of modulus and argument. 

mode of interpreting the operations and the results is adopted, 
which is consistent with the rules. Now, if we take 

m2 = — 1, that is, m = A/—l; (2) 

(1) becomes A -\' Bm; (3) 

and all algebraical operations may be performed according to 
the usual rules upon (3), without any regard to the imaginary 
value of m, provided that the results are interpreted consist- 
ently with this imaginary value of m, and the real value of m^, 
which is — 1. 

2. The modulus of an imaginary expression of the 
form (1) is the positive square root of the sum of the 
squares of its real term, and of the real factor of its 
imaginary term. 

The argument of this imaginary expression is the 
angle, whose tangent is equal, to the quotient of the 
real factor of its imaginary term divided by the real 
term. 

Thus, if R denotes the modulus of (1), and 6 its argument, 
we have 

R = ^{A' + B'>), (4) 

tang. & = —. (5) 

3. Corollary. If A and B are represented by the sides of 
a right triangle, R is the hypothenuse, and ^ is the angle op- 
posite to JB, ' Hence, by trigonometry, 



A =z R coi. 6, 


(6) 


JB = Ji sin. « ; 


(7) 
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^ 6.J MODULUS AND ARGUMENT. 5 

Argument of any real quantity. 

and the value of (I) becomes 

R (cos. & + sin. fl. V — 1). (8) 

4. Corollary, Since two angles, which differ by two right 
angles, have the same tangent, there are two values of 6 less 
than four right angles, which satisfy (5) ; and of these two 
values, that one is to be selected which agrees, in the signs 
of its sine and cosine, with (6) and (7). Any angle, which 
differs from the value of & thus found by four right angles, or 
by any multiple of four right angles, may also be taken as a 
value of ^. Thus, if d© is this least positive value of 6, the 
general value of & is 

a = do=fc2ii^, (9) 

in which n is any integer, and ti is the ratio of the circumfer- 
ence to the diameter. 

6. Corollary* When the imaginary part of (1) vanishes, we 
have 

^ = 0, sin. a = ; (10) 

so that 6q == 0, d = db 2» ;r, cos. 6 =z I; (11) 

or &o = ^» a = ±(2n+l)7r, COS. a = — 1. (12) 

and (11) corresponds to the case of a real positive 
quantity, (12) to that of a real negative qtuzntity, 

6. Corollary. When the real term of (1) vanishes, 
we have 

il = 0, COS. a = 0, a© = i TT or = f TT, (13) 

whence 

e = d:J^±2»7r.= ±:(2n=fcJ)7r, sin,a = ±l. (14) 
1* 
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6 IMAGINARY ^XTAMTITIES. [b. III. CH. I. 

Equal imaginary quantities. 

7, Theorem. When the quantity represented by (1) 
vanishes, the real and the imaginary part, and the 
modulus, are each equal to zero, while the argument is 
indeterminate. 

Proof. For if 

il+BV — 1 = 0, (15) 

we have A = — B\/^l\ (16) 

that is, a real quantity equal to an imaginary one, which is 
impossible, and (16) cannot be satisfied, unless we have 

il = 0, JB = 0; (17) 

whence, by (4), U = 0, (18) 

and, by (5), a is indeterminate. 

8. Theorem. When two im^aginary quantities are 
equal, their real and imaginary parts are separately 
equal, and they have the same modulus and argument. 

Proof, For the equation 

A + B V— 1 = ii' + B' V— 1, (19j 

gives^ by transposition, 

A — A' + {B — R)\^—lz=0. (20) 

Hence, by the preceding theorem^ 

A — A'z=0, JB — jB=:0; 

or, A=zA, B=zB'; (21) 

whence, by (4 and 5), 

JJ = U', 6 = K (22) 
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^ 11.] MODULUS AND ARGUMENT. 7 

Conjugate quantities. Imaginary product. 

9. Two imaginary quantities are conjugate to each 
other, when they have the same modulus, and when 
their arguments only differ in being of contrary signs. 

Thus the conjugate of (8) is 

R [cos. (— d) + sin. (— a) . V — 1] ; (23) 

or, by trigonometry, 

R (cos. d — sin. a . \/ — 1). (24) 

10. Corollary. Two imaginary quantities, which are 
conjugate to each other, differ only in the sign which 
precedes the imaginary part. 

Thus A-^-Bs/ — 1 and A—B a/— I are, by (8 and 
24), conjugate to each other. 

11. Theorem. The modulus of the product ojisev* 
eral imaginary quantities is equal to the product of the 
moduli of the factors, and the argument of the product 
is equal to the sum of the arguments of the factors. 

Proof a. When there are two factors 
R (cos. & + sin. d. V— 1) and 12'(cos. 6'+sm.&'.^—l), (26) 
the product is 

R R' [cos. B cos. &' — sin. & sin. &'] 
+ (sin. d COS. &' + sin. d' cos. d) \/ — 1, (26) 

which, by (26 and 28 of Trig.), becomes 

R R' [cos. (^ + &') + sin. (d + fl') . ^/— 1] ; (27) 

80 that its modulus is the product of the two moduli, and its 
argument is the sum of the two arguments. 
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8 IMAGUNA&T QUANTITIES. [b. III. OH. I. 

Imaginary power. 

b, A third factor might be multiplied by (27) in the same 
way, that is, by multiplying its modidus by the new modulus, 
and adding to its argument the new argument ; and this pro- 
cess might be extended to any number of factors. 

12. Corollary, If the factors are all equal, the pro- 
duct becomes a power ; whence the modulus of a posi- 
tive integral power of an imaginary quantity is the 
same power of its modulus j and the argument of the 
power is the product of its argument by the exponent of 
the power. 

Thus 
[jR (cos. d-[- sin.fl. V— 1 )]" = -R" (cos. n & -f-sin. n &.\^—l ). (28) 

13. Corollary. When JR = 1, (29) 
(28) becomes 

(cos. & -|- sin. ^- -n/ — 1)" = (cos. n d + sin. n 6. ^/ — 1). (30) 
Reversing the sign of d 
(cos.d — sin.d.^ — l)» = (cos. nd — sin. n^. \/ — 1). (31) 

14. Corollary. Half the sum of (30 and 31) is 
cos.na= J(cos.d4"sin.d.^ — 1)» + J(cos. d — sin.fl. \/— I)*. (32) 

Half the difference of (30 and 31) is 

sin. n d. \/ — 1 = J (cos. d. -|- sin. d. \/ — 1)* 

— J (cos. 6 —sin. fl. V — 1 )» (33) 
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"J* 18.] MODULUS AND ARGUMENT. 9 

Product of two conjugate factors. Imaginary quotient. 

15. Corollary. By development, (32) becomes 

n(n — 1) - . ^ 

COS. no =1 COS.* & COS."— 2 ^ gjn,2 3 

1 . Z 

n(n — l)(n— 2)(»— 3) _. - \ • /«.v 

+ -^^ — '-j: ~—. ' cos.»-4 a gin.* d — &c. (34) 

By developing and dividing by \/ — 1, (33) becomes 
sin. n & :=. n cos.»— ^ ^ sin. d 

1 • A , O 

16. Corollary. The reverse of ^ 12 is, that the 
modulus of a positive integral root of an imaginary- 
quantity is the same root of its modulus, and the argu- 
noient of the root is the quotient of its argument divided 
by the exponent of the root ; that is, since roots are 
fractional powers, the rule of ^ 12 extends to the case of 
positive fractional powers. 

17. Corollary. The product of two conjugate factors 
is equal to the square of the modulus. 

For, in this case, (23 and 27) give 

fl + ^' = fl — 5 = 0, RR'zuR^. (36) 

18. Corollary. The reverse of <§> 11 is, that the mo-- 
dulus of a quotient is equal to the quotient of the modu- 
lus of the dividend divided by that of the divisor, and 
the argument of the quotient is equal to the argument 
of the dividend diminished by that of the divisor. 
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10 IMAGINAKY QUANTITIES. [b. IIL CH. I. 

Imaginary power. 

Thus 

jR^( cos.^^+8in.^^V-— 1) 

= :^'[cos.(d'_fl)+sin.(d'— d)V— 1]. (37) 

19. Corollary. When &' = 0, and K' = 1 ; (38) 

(37) becomes 

= 1 [cos.(-d)+sm.(-^)V-l], 



R (cos. ^ + si'^' ^' -n/ — 1 ~~ ^ 
or 

[lJ(cos.^+sin.dV— l)]-^=^~^[cos.(— ^)+sin.(--^).V— 1] 
= U-i(cos.e— sin.d.V— 1); (39) 
and raising to the nth power, by means of (30), 

[jR(cos.^-fsin.dV— l)]^=^~''[cos.(-n^)+sin.(-n^)V— 1] 
=/2-»(cos.nd— sin.ndV— 1); (40) 
that is, the rule of § 12 may be extended to the case of 
negative powers. 

20. Corollary. The rule of^Vi may, then, be eX" 
tended, by ^ I, to all powers, real or imaginary. 

21. Problem. To find the modulus and argument of 
the sum or difference of several imaginary qnantities. 

Solution. Let the given sum or difference be 

r(cos.a+sinA\/— l)zfcr'(cos.d'+sin.^'. V— 1) =t: &c., (41) 

and let R be its modulus^ and ^ its argument; we hare by 
(4 and 5) and by (9 and 29 of Trig.) 
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^23.] MODULUS AND ABOUMENT. 11 

Imaginary sum or difference. 

U2=::(rcos.d±r'cos.d'±&c.)»+(rsin.fl±r'8in-d'±&c.)2 

— r2 -f 1^2 + &c. zh 2rr'cos. (d —B') ^ &c., (42) 

r sin. fl zt r' sin. fl' ± &c. , ..^ 

tan. a = 1— ; — ; sri — 5 — (*«) 

r COS. B zhr* cos. fl' ± &c. ^ ' 

22. Corollary. Since every cosine is less than unity, (42) 
gi?es jK* < r2 + r'a + &c. + 2 r r' + &c., 

or U2 <; (r + r' + &c.)a, 

or R < r +r' + &c.; (44) 

that is, the modulus of the sum or difference of several 
imaginary quantities is less than the sum of their 
moduli. 

23. Corollary. When there are only two terms in (41), 
(42) becomes 

U2 = r* + r'a -t Srr' cos, (d — d')i (^) 

and, therefore, JJa > r^ + r'a — 2 r r', 

or R >r — r'; (46) 

that is, the modulus of the sum or difference of two 
imaginary quantities is greater than the difference of 
their moduli. 
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IMAGINARY qUANTITIE^. [b. III. CH. II. l 



Imaginary infinitesimal. 



CHAPTER II. 



IMAGINARY INFINITESIMALS. 



24. An imaginary infinitesimal is an imaginary quan- 
tity, whose modulus is an infinitesimal. d 

The order of an imaginary infinitesimal is the same 
with that of its modulus. 

26. Corollary. It follows from Chapter II. of the | 
Differential Calculus, and the preceding Chapter, that ^ 
all the propositions, which have hitherto been investi- 
gated respecting real infinitesimals, may be extended to 
imaginary infinitesimals. 
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Roots of a binomial equation. 



CHAPTER III. 

IMAGINART ROOTS OP EQ,UATIONS. 

26. Problem. To solve a binomial equation, and re- 
dtice all its imaginary roots to the form of %\. 

Solution. Let the equation be 

Az»=zM, (47) 

in which A and M are real or imaginary, and a a positive 
integer. When (47) is divided by A by means of § 18, it is 
reduced to the form 

x^=m, (48) 

in which m is of the form of § 1. Let then 

m = r (cos. ^ -|- sin. d. \/ — 1), (49) 

or x« z= r (cos. & + ^^^' ^' V — 1). (50) 

The ath root of (50) is, by § 16, 

o ^ ^ 

= \/r. (cos. [- sin. — .v^— 1). (51) 



X 



27. Scholium, Since 6 has, by (9), an infinity of values, 
(51) would at first sight appear to have a like infinity of values. 
But, by (9), 

d d^ 2n7r 

— = -^ ± ' , (52) 

a a a ^ ' 
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14 IMAGINARY QUANTITIES. [b. III. CH. IIU 23. 

Number of roots of a bioomial equation. 

whence the values of z are ideDtical, when they correspond to i\ 
values of d, for which the difference of the values of n is equal .^g 
to a, or is some multiple of a. Now, by subtracting from any 
value of n the greatest multiple of a contained in it, a remain- 
der is obtained, which is less than a. The number of difier- 
ent values of x is, therefore, the same with the number of posi- 
tive integers (zero included) which are less than a ; that is, the 
number of values of x or the number of roots of equation (48) "^^ 
is just equal to a. 

3; 

28. Corollary. When m is real and positive, (11) 
gives 

« / 2n7v , 2nn , \ .^^^ 

X =z vff» f cos. ± sm. .V — II, (53) 

in which the double sign renders it unnecessary to no- 
tice those values of n which exceed the half of a. 

29. Corollary, The value of n 

n = 0, (54) 

reduces (53) to its real positive root 

a 

X z= /v/»i. (55) 

30. Corollary, When a is even in (53), the value of n 

n=^a, (56) 

gives = Tc, (57) 



x=: — l/m. (58) 
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^ 33.] ROOTS OF EQUATIONS. 16 

Every equation has a root. 

31. Corollary. When m is real and negative, (12) 
gives 

a; = V — ml COS. ' — 7r±sin. • — tt.v— I I, (o9) 

in which the double sign renders it unnecessary to no- 
tice those values of n which exceed the half of a. 



32. Corollary. When a is odd, the value of n 

f— 1 
"2^' 



n = -H-, (60) 



2n + l ._,, 

gives ' — » = TT, (61 ) 



2 = — V— w. (62) 

33. Theorem. Every equation has at least one real 
root or one imaginary root of the form (1). 

Proof. Let all the terms of the equation be transposed to 
its first member, which reduces it to the form 

fx = 0. (63) 

Let now x^ be any real or imaginary value of x, for which 

the value of this first member neither vanishes, nor is infinite, 

\ and let h be an infinitesimal ; let also (f^-f.x^ be the first dif- 

j ferential coefficient of fx^ which does not vanish ; and (533 

f of Vol. I.) gives 

f.(x,+h) ^f.z, + ^^*' ^ d:.f.x,- (64) 
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16 IMAGINART QUANTITIES. [b. III. CU. III. 

t . 

Equations which have finite roots. 

Again, let t be an assumed real infinitesimal, and let h be 
determined to satisfy the assumed binomial equation 

*" dr,.f.x, = -ifa^. (65) 



1.2.3.... n 
This value of A, being substituted in (64), gives 

/•('o + A) =/«o - if^o = (»-«)/^o ; (66) 

80 that if r is the modulus ofyix^,, that of /^{Xq +^) '8> by 
§ 11, (1 — t)r, and therefore less than that off.x^. The least 
possible modulus of y.z is then less than r, unless r is zero ; 
this least modulus must then be zero, and the corresponding 
value of X is a root of the equation (63). 

34 Scholium, The . preceding argument does not 
exclude infinity from being the root of the given equa- 
tion, so that the following is a convenient statement of 
the above theorem ; 

Every equation has at least one finite root of the form 
(1), when J after it is reduced to the form (63), it does 
not vanish for an infinite value of the variable. 

35. Corollary, If the ^first member of (63) is a polynomial 
of the form 

2, + a x*^! + 6ai»-2 ^ &,c., (67) 

and if z' is a root of the equation, this polynomial must be 
divisible by a; — x'; and the quotient must be a polynomial of 
the (n — l)st degree, which must be divisible by a similar 
factor X — x'\ and so on. 
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§ 37.] ROOTS OF EQUATIONS. 17 

• 

The conjugate of a real function. 

Henee (67) must be the continued product of n dif" 
f event factors of the form (x — a/); that is, the equa*- 
Hon 

2« -f. ax»-i -f. b «»-« -f &c. 1= (68) 

mu^st have n roots of the form (1), whether a, ft, ^c. be 
real or imaginary. 

36. A real function is one, which has real values for 
all real values of the variable, and has not imaginary 
values, unless the variable is imaginary. 

37. Theorem. The conjugate of a real function is the 
same function of the conjugate of the variable ,* or| 
algebraically, if 

P+QV-l=f.{p + qV-l), (69) 

where /. denotes a jreal function, then 

P-QV-l=f.{p-qV-l). (70) 

Proof The function, which is the second member of (69), 
may be developed and arranged according to powers of \/— 1. 
Let, then, the aggregate of all the terms which are independ- 
ent of \/ — 1, and of those which are multiplied by even 
powers of \/ — 1 be denoted by P ; while the aggregate of 
all those terms which are multiplied by odd, powers of \/ — 1, 
is denoted by Q\ The value of P is real, and remains un- 
changed by changing /^ — 1 to — \/ — 1, while that of Qf 
is reversed ; that is, the value of the function is changed 

from P+Q' to P — Q'. (71) 

2* 
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• 



Eve'rj real equation has at ]«ast two roots. 



But the quotient of Q' divided by \/ — 1, containing onFy 
even powers of \/ — 1, is a real quantity, which may be de- 
noted by Q, that is, 

Q'=QV_1, (72) 

P+Q' = P+QV-1; (73) 

so that by reversing the sign of \/ — 1, (69) is chanjged to 
(70). 

38. Corollary. When Q = 0, (74) 
(69 and 70) become 

JP=f.{p + q^^-l)=f.{p-qV-l); (75) 

that is, every real value of a real function corresponds 
to two different values of the variable, which are con- 
jugate to each other. 

39. Corollary. When P = 0, (76) 
(75) becomes 

o=f.{p + qV-i)=f-{p-qVi); (77) 

that is, whe7i the function ^ which is the first member 
of (63), is real, the conjugate of every imaginary root 
is also a root of the equation* 

40. Corollary. If x' is a root of the equation (68), when 
a, 6, &c. are real, and if %" is the conjugate of x', %" is also 
a root of this equation, and the first member is divisible by 
the product 

{% — X') {x — X") = x3 — (aJ' + X") X + x' X". (78) 

Digitized by VjOOQIC 



^ 40.] ROOTS OF EQUATIONS. 19 

Number of real factors of a real polynomial. 

If r is the moduhis of x^ and d its argument, (&, 24, and 36) 
give 

z' -\-x" = 2r COS. ^, X' x" = r^ ; (79) 

whenpe (78) becomes the real factor 

a;2 — 2 r a; cos. d -f- r^ ; (80) 

SO that any real polynomial of the form (67) is the con- 
tinued product of as many real factors of th^ form x — x' 
as the equation (68) has real roots, multiplied by the con- 
tinued product of half as many real quadratic factors 
of the form (80) as (68) has imaginary roots. 

41. Examples. 

1. Decompose z^ — 5^ into a continued product of real 
factors of the first and second degree. 

JSolution, The equation 

a;7 _ 67 _. 0, or x'r = b'r, 

gives in (48) m = 6^, a = 7 ; 

whence (53) becomes 

2 = 6 (cos. f n 7t zh sin. f nn,/^ — 1 ) ; 

which becomes, by putting successively for n all integers less 
than half of 7, 

X = 6, 

X z= 6 (cos. H^ TT ± sin. ^ tt . \/ — 1), 

X z= 6 (cos. f w ± sin. 4^ ^ . ^ — 1), 

X = 6 (cos. f TT i: sin. f ^ . ^v/ — 1) ; 
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DecompositioD of a fuDctioD into real factors. 

60 that, by (SO), the continued product is 

xf — b'r = {x — b){x^—2bx cos.^7r + 62) 

(X2 _ 2 6 Jt COS. f TT -|- 62) (x2 _«2 62 COS.f 7r-|.52). 

2. Decompose i* + 6* into a product of real factors of the 
first and second degree. 

Solution. The equation 

X* + 6* = 0, or x^ =z — &*, 

gives in (48) 

in = — 6*, — j« = 6*, a == 4 ; 

whence (59) becomes 

a; = 6 (cos. i (2n + 1) TT ± sin. i (2n+ 1) TT. V— 1); 

which becomes, by putting successively for n all integers less 
than 2; 

a;=6(cos.i7r-bsin.i7r.^— l)z=6(J\/2=t:J\/2.\/— 1), 

2;zz:5(cos.f7r-t:sin.i^.\/— 1) = ^(— J\/2=FiV2.\/— 1); 

so that, by (80), the continued product is 

3c* + 6*=:(x2_26zcos.i7r^62)(ar2_25xcos.j7r-|-62) 
— (x2_«^2.5x + 62)(x2_|.^2.6a:+62). 

8. Decompose x^ — b^ into a continued product of real 
factors of the first and second degree. 
Ans. (x — 6)(x4.5)(xa+62). 

4. Decompose x* + 6^ into a continued product of real 
factors of the first and second degree. 
Ans. (x-j-6)(x2— .26xcos.|7r4-62)(xa_26xcos.f7r-f-62). 
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Decomposition into real factors. 

5. Decompose x® — 6^ into a continued product of real 
factors of the first and second degree. 

Ans. {x — b){x+b){x^^bx+b^){x^ — bx + b^). 

6. Decompose x^ -|- &> into a continued product of real 
factors of the first and second degree. 

Ans. (xa+V3.6x+6a)(x2 + 62)(x2 — V3.Ax-f62). 
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Imaginary power. 



CHAPTER IV. 

IMAGINARY EXPONENTIAL AND LOGARITHMIC FUNCTIONS. 

42. Problem. To reduce an imaginary power of a 
real quantity to (he form (1). 

Solution, Let the exponent of the power be u4 + J5 \/ — 1, 
and let R be the modulus and O the argument of this power 
of the real quantity a, that is, let * 

a^-\-B^-\ = R (cos. + sin. 0.\^— 1). (81) 

The infinitesimal power i of this equation is by (28) 

a'C-^+^v-i) _- Ri (cos. i + sin. ie.V—l). (82) 

Hence by (418 of Vol. I. and § 22 of Plane Trig.) 

l+i(^ + JBV— l)Iog.a=(l+»Iog.jR)(l+i0V— 1) 
= l+i(log.jR + 0V-l). (83) 

Hence, by § 8, and using 

e = the base of the Neperian logarithms, (84) 

log. R = A log. a = log. a-^, R = a^ , (85) 

B log. a= @ = log. a*, aB\= t® ; (86) 

which, substituted in (81), give 

^+5^-1 = aA (cos. B log. a + sin. B log. a . \/— 1 )• (87) 
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Imaginary logarithm. 



43. Corollary, When Az=:0, 
(87) becomes 

aB^-i = COS. B log. a + sin. B log. a . ^— 1, (88) 

44. Corollary. When a =z e, 
(87 and 88) become 

e^+Bv-i = c^ (cos. B + sin. jB . V— 1 ), (89) 

1^ c*v-i =z COS. jB + sin. B . \^— L (90) 

45. Corollary, Reversing the sign of B, (89 and 90) be- 
-l come 

we! e^-Bv-i z= c-«(cos. B — sin. B . \/— 1), (91) 

^Bv-i -_ cos. B. — sin. J?. V — 1. (92) 

SI 

46. Problem, To reduce the logarithm of an imagi- 
nary quantity to the form (1). 

^* Solution. Let r be the modulus and d the argument of the 

imaginary quantity, and (90) gives 

r(cos. (9 + sin. d.V— 1) = '*«^^~M (93) 
^2) the logarithm of which is 

log. [r (cos. & -\- sin. d . v' — 1 )] = log- r + log. e^ ^"^ . 

nzlog.r + dV— 1- (94) 

J.J 47. Corollary. By (4, 5, and 94) 

16) log.(.l+jBV— l)=logV(^^+-B^)+tan.r-i]5^V— 1 

= ilog. (il» +B»)+tan.t-i]^V-l ; (95) 
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Number of the logarithms of a number, 
and as there is an infinity of values of 
d = tan.[-i] ?-, 

every quantity, real or imaginary, has an infinity of 
logarithms, of which there is never more than one real 
logarithm, and that, by § 5, only when the qiuziitity is 
real and positive, 

48. Corollary, By ^ 5, when A is positive^ and 

J? z= 0, 
(95) becomes 

log. Az=\Qg.A±^nn y— 1, (96) 

in which log. A of the second member is the real value of this 
logarithm. 

49. Corollary, By § 5, when A is negative and 

J? = 0, 

(95) becomes 

log. .1 z= log. (_^) -b (2n + I) ^ V— 1. (97) 



50. Examples. 

1. What is the logarithm of J \/2 (1 + V— 1) ^ 

Ans, (f db2»)7rV— 1. 

2. What is the logarithm of V^ + V— 1 ^ 

Ans. log S + lizbSnJTiv'— 1, 
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Sine and coaine of imaginary anglef . 



CHAPTER V. 

IMAGINARY CIRCULAR FUNCTIONS. 

51. Problem. To reduce the sine and cosine of an 
imaginary angle to the form (!)• 

Solution, a. Let the angle he B\^ — 1, which being sab- 
stitated for B in (90 and 92), gives 

e-* = COS. B V— 1 + sin. B\/— 1 . V— 1, (98) 

e^ = COS. B V— 1 — sin. J5 V— 1 . \/r— 1. (99) 

One half of the sum of (98 and 99) is 

COS. B V— 1 = J (c^ + e-% (100) 

One half of the difference of (98 and 99), multiplied by 
J\/ — 1, is 

sin. jB V— 1 = J («* — e-^) V— 1. (101) 

b. When the angle is ^ + B V— 1, (100 and 101) give 
sin.(^4-JBV— 1 ) =3sin. A cos. BV— 1 +cos. A sin. BV— 1 

= j8in,il(c^+e-^)+Jcos.il(€^— e-*)^— 1; (102) 
cos.(il+B\/— l)=cos. A COS. BV— 1 — sin. A sin.B\/— 1 
=Jcos.il(c^+e-^)_Jsin,il(««— r-')^_l. (103) 
3 
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The imaginary aogle, whose sine exceeds unity. 



62. Problem. To reduce the imaginary angle, the 
absolute value of whose sine is greater than unity, to 
the form (1). 

Solution. Let the given sine of the angle be db (1 + a), 
and let the required angle he A -{- B \/ — 1 ; it is evident 
from (102) that, when the sine of the angle is real, 

C08.^(e* — €^^)=:0; (104) 

that is, either e^ = e-^, (105) 

whence e^^ = 1, 2 B =z 0, JB = ; (106) 

in which case the given angle is real, and the absolute value 
of its sine cannot exceed unity ^ 

or COS. -4 = 0, A-=nn, (107) 

sin. ^ = ± 1, (108) 

whence, by (102 and 103), (109) 

sin.{A + BA/—\)=zsm.{n7i+Bs^^l) 

= it:i('^^+e-^) = ±(l+«), (110) 
coB.(A + B\^—})=icos.{nn + B\/^l) 
. ==FJ(«^— ^*)\/— 1 
= =FV(— 2a— a2)--qz^(2a4-a2)V— 1. (HI) 
The sum of (110), and (111) multiplied by \^—l, is 

e^=:l-f.azb\/(2o-f «»), (112)- 

whence 

B = Iog.[l+a±V(2a + «2)] i 

= =bIog.[l+a + V(2a + «^)]» (113) t 

and the angle is I 

« » ± log. [I + a -)-y(2a + a^)] . V— 1. (114) ] 
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Imaginary circular faDctions. 



53. Examples. 

1. Reduce tang, (il -f- -^ V — ^) ^^ ^^^ ^'^^^ (1)* 

2. Reduce tang. B\/ — 1 to the form (1). 

a Reduce tang, t-i] B \/— 1 to the form (1). 
Ans, When B is absolutely less than unity, it is 

±«7r+J[Iog.(l+B)_log.(l-B)].V-l. (117) 
When B is positive and greater than 1, it is 

±(»+i)^+ipog.(B+lHIog.(5-l)].V-l. (118) 
When B is negative and less than -^ 1, it is 

- ±(«+i)^+i[log.-(l+B)-log.(l-B)]V-l. (119) 
When jB = ± I, it is 

ilioo.V— 1. (120) 

54. Equations (100 and 101) have suggested a new form of 
notation of great practical value, and for which tables have 
been constructed, similar to the common trigonometric tables. 
It consists in representing — \/ — 1 . sin. B^ — 1 and 
cos. JB\/ — 1 by Sin.B and Cos.B, which only differ in 
their initial capital letters from the common trigonometric no- 
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Potential functions. 

tation ; this notation may also be extended to the other trigo- 
nometric functions. These new functions are called poienUal 
functions. We have, then. 

Sin. JB = -- y/- 1. sin. BV-l = '^^^~^ 

= i (««-«-'), (121) 

Cos.B=cos.B^/— 1 = J (e« + «-*), (122) 

55. Carottary. The differentiation of (121-123) girea 
«4.Sin.B = i(e» + e-«) = Cos.J?, (124) 

rf^Co8.JJ = i(e« — e-«) = Sin.J?, (125) 



56. Examples. 

Demonstrate the following equations. 

1. Cos.2 B — Sin.» B = 1. (127) 
Sohition. By (121 and 122) 

Cos.' B = i (ea« + 2 + «-««) 
Sin.» B = i («»« — 2 + «-9«) 
Hence Co8.i> b — Sin.' B = 1. 

2. Sin.(B±B')==Sin,BCos.B'dbCos.BSin.B' (128) 
8. Cos.(B±B') = Cos.BCos.S'±Sin.BSin.B' (129) 
4. Sin.(B+B')+Sin.(B— B') = 2Sin.BCos.B' (130) 
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Potential fiinctiona. 



6. Sia.(B-\-B')—aia.{B—B')=i2CoB^ain^' (181) 

6. C3oa.(B+B')+Cos.(B— JB')=2CoB.BC<».B' (132) 

7. Cos.(B-fB')— Cos.(JB— B')=2Sin.JBSm.JB' 



Sin. B + Sin-B' _ Tang. |(B + B') 

Sin.B— Sin.B'~Tang. J(B— B') ^ ' 

10. Sin. 2 B = 2 Sin. B Cos. B (186) 

11. Cos.2B = Co8.aB + Sin.aB (137) 

= 1+2 Sin.» B 
= 2 Co8.» B — 1 

12. Sin. iB = V[i (Co«. 2 B — 1)] (138) 

13. Co8.iB = \/[i(CM.2B + l)] 



14. Tang.,B = v(§°i||^) (140) 

.5.Tan.(B^B,= j|^^^- (Ul) 

17. rf.. Sin.[-i]x = (1 + x'y-i = ;^7p^. (148) 

Sohaion. Let z = Sin. B, or B = Sin.[-^] z 

Then by (124 and 127) 

d^B'X — CoB.B = »/(l + Sin.9B) = \^{1 + z») 
3* 

y Google 



Digitized by V 



30 IMAGINABT (QUANTITIES. [b. UI. CH.T. 

Potential functions. 

and bj (Vol. 1. 666) 

d, Sin.[-i] » = d„ B = 4^ = 



la rf..Co8.C-»]x=(x»-l)-4 = ;^^^^j^ (144) 

19. rf..Tang.[-i]x=j-i^. (146) 

20. sin.x = x + ^ + j-^^ + &c. (146) 
31. Co». X = 1 + ^5 + y:^^ + &c- (1*7) 



Digitized by VjOOQIC • 



^ 59.] RS4I« BOOTS. 31 

, - — -■^— 

Stern*B method of solving numerieal equations. 

I ■ ■■-' — 

CHAPTER VI. 

REAL BOOTS OF NUMERICAL EQUATIONS. 

B7. While the imaginary roots of equations are of 
great subsidiary value in mathematical investigations, 
and frequently admit of curious and interesting inter- 
pretations in physical inquiries, real roots are the prima- 
ry objects of attention, and methods of determining 
their numerical values are exceedingly important in 
practice. Stern^s method is the simplest which has yet 
been published, and is of almost universal application. 

68. If the values of a given function and of its suc- 
cessive differential coefficients, as far as the nth, are 
found for a given value a' of the variable ; and if the 
successive signs of these values are placed after each 
other, the row of signs thus formed is, in this chapter, 
called the nth row of signs (a), or simply the nth row 
(a), or the row (a) ; any pair of successive signs in this 
row is called a permanence, when the signs are alike, 
and a variation, when the signs are unlike. 

69. Theorem. If a function and its differential co- 
efficients inferior to the nth all vanish, but the nth does 
not vanish, for a value a of the variable, the nth row 
of signs (a + i), i being an infinitesimal, consists 
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Signs of vanishing functions. 

wholly of permanences, while the nth row (a — i) con- 
sists wholly of variations. 

Proof. It follows from (Vol. I. 533), that if /. x is the giv- 
en function 

/• (« + = 1,2*1... „ • ^-f-"' <'^) 

the differential coefficients of which, taken relatively to t, are 

'^•/•(«+o-i_2.3...(»— a)"'--^*"- i 

&.C, &c. &c. (149) 

that is, all the terms of the series 

/. (a + 0. d,.f.{a + i), e/. (a + «).&«• (IS®) 
have the same sign. 

But the reversing of the sign of % in these equations gives 

dj./. (a-,) = - ^"-^){<"-' Uc. (151) 

that is, the signs of any two successive terms in the series 

f.{a-i), d,.f.(a-i), i^./.(a-i),&c. (162) 
are unlike, and the terms are alternately positive and negative. 

60. Corollary. If, in a series of the successive dif- ^ 
ferential coefficients of a function terminating with the ^ 
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Number of real roots between given limits. 

nth, all vanish except the nth for a value a of the vari- 
able^ the signs of this series will in the row of signs 
(a + i) constitute a series of permanences, and in the 
row (a — f), a series of variations. 

61. Theorem. If the first member of the equation 

f'x = (163) 

is continuous between the values a and b of the variable^ 
a being greater than b, if the number of permanences 
in the nth row of signs (a) exceeds ihe number of per' 
m^anences in the nth row (6), and if the excess is denot' 
ed by v, the number of real roots of (153), which are 
included between a and b, cannot exceed v. 

Proof For while the value of x varies from a to &, a 
change of sign can occur in the row of signs, only when f x, 
or one of its differential coefficients, or a series of them, pass- 
es through zero. Now, the case of a single function being 
included in that of a series, when a series of these functions 
vanishes, a number of permanences must, by §§ 59 and 60, 
be lost, equal to the number of functions. If, then, this series 
begins with f x, as it must when the variable is equal to a 
root of the equation, one permanence, at least, must be lost ; 
that is, there is a loss of one or more permanences in the row 
of signs, corresponding to every real root of the equation, 

if the vanishing series does not begin with f x, and con- 
sists of an even number of functions, the sign of its first func- 
tion is, by (148-152), the same with that of the function 
which follows the series, both before and afler vanishing. The 
relation of the first sign of the series to the sign which pre- 
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Number of real roots of an equation. 



cedes the series is, therefore, unchanged ; and the loss of per' 
manences is exactly equal to the even number of terms of the 
vanishing series. 

If the vanishing series consists of an odd number of func- 
tions, the sign of its first function is reversed when it vanishes. 
If, therefore, it has, before it vanishes, the same sign with the 
preceding function, another permanence is here lost, which is 
to be added to those before noticed. But if it Jhas, before it 
vanishes, the opposite sign to the preceding function, a new 
permanence is introduced, when it vanishes, which is to be 
subtracted from the number of the otliers. In one case, there' \ 
fore, the whole number of lost permanences is one greater 
than the odd number of terms in the vanishing series ;. andy 
in the other case, it is one less than this number. 

In any case, the number of lost permanences is, at least, aa 
great as the number of real roots of the equation. 

62. Corollary. When the 'loss of permanences does 
not arise from a real root of the equation, the number 
of lost permanences is even ; so that if the number of 
lost permanences is odd, that is, ifv is odd, the equation 
nmst have at least one real root between a and b. 

63. Problem. To find all the real roots of an eqvxt" | 

tion. - j 

1 

Solution. Reduce the equation, to the form (163), | 
simplify it as much as possible ; and determine, as 
nearly as possible by inspection, those limits between 
which the different real roots must be, if there are any. 

Find the successive differential doefficients of the first 
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Stern's method of finding the reiil roots. 

member J until one is obtained which does not vanish £e- 
tween two limits a and by between which there may be 
real roots. Let this be the nth differential coefficient. 

Iff then, a being greater than 6, the nvmber of per* 
manefices in the nth row of signs (a) is the same with 
thai in the row (6), there is no real root between a and 
6. If the difference between the fiumber of permanent 
ces is even, the question of a real root between a and b 
is undecided ; and if this difference is odd, there must 
be such a root. 

Let, then, the mth differential coefficient be the high- 
est one, of which the sign is different in the row (a) and 
in the row (6). The equation 

J,.« + i/.2 = 0, (154) 

can then have no real root between a and b, while the 
equation 

d,-/.x = 0, (155) 

must have one^ which can be found by the process given 
in the seqtiel of this solution. If c is the root of (155), 
it mxiy.also be a root of (163), which can be discovered 
by trial. 

However this may be, the preceding process is to be 
repeated for the limits a and c + i, i being an infinites' 
imal, and also for the limits c + i, and b, using the 
mth roiD of signs instead of the nth. A continuation 
of the process tnust finally lead to a division of the lim- 
its from a to b, into sets of limits so narrow, that, be' 
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Stern's method of finding numerical roots. 

(ween each set there can only be one real root of ( 163) 
and no real root of the equation 

d,.f,x=iO. (156) 

Let a' and V he a set of these limits^ and if they are 
far apart ^ substitute for x, in the first member of {153) ^ 
different numbers, the various integers for instance^ 
between a* and b' , until one is found which does not dif- 
fer much from the required root, and denote this first 
approximation to the root by Xq, Then, if the exact 
root is xo^h, we have by (Vol. I. 532) 

/. {x, + h) =f.x, + h d,.f {x, + &h)=0, (157) 

whence, by neglecting & h, the approximate value of h 
is obtained, which is 



f'H 



dc'fH 



(158) 



and from, the new approximation to the root x^ + A, 
which is thus found, a new approximation can be ob^ 
tained; and so on, to any required degree of accuracy. 

64. Corollary, The rate of approxinHition can be readily 
determined; for if two . successive values of A are h and h' 
corresponding to Xq and x^ , so that 

xi = x^ + h (159) 

the error of Xq differs from h by a quantity much smaller than 
h I and that of x'^ is nearly equal to h\ Now suppose 

*<(tV)' (160) 
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Rate of approzimatioD. 



and we have by (156) and by Taylor's theorem 

d,.f.xi=d,.f.x,+ &,c. (ie2) 

but by (158) 

f.Xo + d..f.Xo.h = (163) 

/.x; = Jd:./.*„.A«+&c. (164) 

whence neglecting A^, &c. 





If now we find 



;<(tV)» (166) 



we have, neglecting the signs, 

*'<(t^)'"+» (167) 

and therefore if one approximation is accurate to s places 
of decimals y the next will be accurate to 2 5 -}* k places. 

65. Corollary. Since the real root is exactly 

we have a;© = ^ — *» (1^) 

whence by (153 and Vol. I. 532) 

f.XQ = f{x — h)=f.x — h.d^f{x — U) 

= — Kd..f{x—Ah), (169) 

or neglecting ^ A 

f.x^= — h d..f. x=(x^ — x) d..f. X. (170) 
In the same way for another hypothesis z^, we ha?e 

f.x'^ = —Vd..f.x^{xl^x)d..f%. (171) 
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Rule of ftlse or doable .pasition. 




The difference of (170) and (171) ia 




/• H — /• K = (*o — *i) <^.-/. « 


(m) 


and tbe quotient of (171) by (172), is 




f< _<—^ 


(173) 


f-H—f-K 'o — < 



which is identical with the famous rwfe of false^ or 
rule of double position^ in arithmetic; and this admir- 
able rule, the principle of which is obviously at the 
foundation of all higher mathematics, and pervades all 
practical science in some form or other, is sufficient for 
obtaining, with ease and accuracy, the most important 
numerical results. 

66. Examples. 

1. Solve the equation 

z log/ 2 — 100 = 

in which log.' denotes the common tabular logarithms. 

I 
Solution. The theory of logarithms gives i 

log.' X =z log/ e . log. X. ! 

Hence if f.x=LX log.' 2 — 100 

d,,f. X z= log.' X + log.' 6 

The value of d^.f. x is positive between the limits , 

z = 0, and 2: = go 
and d^.f.x is negative between the limits 

X SB Oy and X = er^ 
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Solution of numerical equations. 

at both which limits f, x is negative, and the given equation 
has therefore no real roots between these limits. But d^.f.z 
is positive between the limits x = c^ and a; z=: 0, at which 
limits f, X has opposite signs, and the given equation has, 
therefore, only one real root, which is between these limits. 

A very few trials show, then, that the root is not far from 
60, for which value 

f.x=7, dj./x= l-78 + 0-43 = 2-21 

dl.f,x=z -0072, k = 2 

and the rest of the calculation may be arranged as in the fol- 
lowing form, in the first column of which are placed the suc- 
cessive values of/, x, in the second those of rf^./. z, and ia 
the third those of x. 



7. 
0-084860 



2-21 

219017 



60 
57 
56-9612 

Ans. 56-9612, 



2. Solve the equation 

x — cos. X = 0. Ans. 0-7391. 

3» Solve the equation 

X — tang. X = 0. 

Ans, . There are an infinity of roots, one being contained 
between each set of limits 

n TV and (« + J) tt 

in which any integer n^ay be substituted for n, the value be- 
tween TV and f TT is 4*4934, 
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BOOK IV. 

RESIDUAL CALCULUS. 



CHAPTER I. 

RESIDUATION. 

1. For every finite value of a:, which satisfies the equatioB 

/•« = 00 , that is, -J- = (/.x)-i = 0, (174) 

/•^ 

the first terra of Taylor's theorem (Vol. I. 442) is infinite, and 
the development of y*. (x ~{- h) by that theorem is impossible. 
In this case, if i is an infinitesimal, f. (z -f- 1) is infinite ; 
and if we suppose it . to be of the mth order of infinity, the 
expression 

«"/•(* + »•) (176) 

is of the order zero, and is usually finite, as in ^ 26 of the 
Differential Calculus. The quantity 

A«/.(x + A) (176) 

may then be developed, by MacLaurin*s Theorem (445, Vol. I.), 
as a function of A, and the result will be of the form 

A-/, (x + A) = 4 -I- B A + &c. 
+ Q /«»-3 + Rh^^ -f. iS A« + r A"H-i + &C. (177) 
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Residual. To residuate. 

1 — ' 

which, divided by A*", gives 

f.(x + h) = Ah-» + B A-(«-i) + &c. 

J^Qh-^ + Rh-^ + S+ rA + &c. (178) 

that is, f.{x 4- A) catty even for a value of x which 
satisfies (174), be developed in a series consisting of 
two parts, one of which 

S+Th + &c. (179) 

w, like Taylor^ s Theorem, arranged according to posi^ 
tive and ascending powers of h, and the other part 

jR A-i + Q A-^ + &c. +B /i-(«-i) +Ah'^ (180) 

is arranged according to negative and descending pow- 
ers of h. 

2. The coefficient of A~^, in the development of 
/.(2r+/i) by the preceding method, is called the re- 
sidual of f. Xj and vanishes for all values of x, except 
those which satisfy (174). 

To residuate is to find the residual. 

3. Problem. To residuate a given function, 

Solutio7U Let f. denote the given function, and let x^ be 
the value of x which satisfies (174), Since R, which is the 
residual of this function by (180), is the coefficient of A*"— ^ iu 
(177) the development of h'^f.{x^ -\- h) by MacLaurin's The- 
orem ; we have by (445 of Vol. I.), if we regard h as the vari- 
able, 

^- 1.2.3.... (m-lp <^®^^ 
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Method of residuating. 

provided that after the difiereatiation we put 

A = 0. 

This vanishing of h may be effected in the general form, bj 
substituting for h the infinitesimal t\ which gives 

*~ 1.2.3. ..(m-f)- (*®^^ 

4. Examples. 

1. To residuate the function (« — a)~* (x — 6)~^. 

Solution, This function becomes infinite of the first order, 
when 

and infinite of the second order, when 

The residua] which corresponds to x = a, is, then, 
i (,)-i (a - 6 + .)-» = (a - 6)-» ; 
and that which corresponds to x:=b, is 
d'^,.,'2 (6_a + ,)-i i-^ = rf. ,. (6— a + i)-J = —(6— a + 1)-« 
= _ (6 _«)-». 

2. To residuate 



(x— a)(x— 6.)(z— c)3 
ilii5. The residual for xz=a, is (a — 6)—^ (a — c)-^, 
that for x= 6, is (6— fl)-^ (*—<^)""^ 

that for X =r c, IS ^ ; - ,. / ax a ' 
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Residuation. 



3. To residuate cosec. x. 
Solution. We have 

cosec. X =s QD , 

whenever xt=sn n, 

n being an integer, and the residual of cosec. x Is 

i 1 



i cosec. (n ;r -j- 1 )= — 



sin. (» ^ -|- 1) co8.(n ti -J- 1) 
1 



= ±1. 

cos. HTt 

4. To residuate tang. x. 

Ans. ± 1. 

5. To residuate Cosec. x. Ans, 1. 

6. To residuate (Cosec. x)^. Ans. 0. 

7. To residuate z"^ cosec. x. 

ilns. When x =z 0, it is J ; 

when X mi;j, it is ± (n n)-^, 

8. To residuate x"* cosec. x. 

Ans. When x = 0, it is ; 

when X =znni it is ±(n7r)~*. 



9. To residuate ^^-^ for any value x^ of z which 

X' " X 



satisfies the equation 

/. X = QD , 
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RCSIDOATION. 



Method of residomtiog. 



Sohaim. Let f.:{x^ + 1) be iuSoite U ue «. 

so that f. (x^, + ») may beoT t^ xe-& ur&«. «-. 
residual is, by (182), 

€gr^f.(x^^,•).(x — >, — :- 
1.2.3.... . » — . 

1 . 2 . U . V . . 
1.-2.3 «— ^ -^ 



Bat it is evident, frun. 3C. i^-l-pt-- 



is the eoemi^iem o' r*^ k i*»- 

or, dividiii^ t»T r'. i ir ••■'' 
dcTelopixiBin uf : — - 

1.2.3... ift — : — .— - - - 

1.2J3... .J^ : ' 
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Residuation. 



3. To residuate cosec. 2. 
Solution, We ha?e 

cosec. 2 =3 00 , 
whenever x = ti tt, 

ti being an integer, and the residual of cosec. x is 

t I 



« cosec. (n;r-|-t)z= 



sin. (»^+t) cos.(n n -[-t) 
1 



COS. n 71 



= ±1.- 



4. To residuate tang. x. 

Ans. ± 1. 

5. To residuate Cosec. 2. Ans, 1. 

6. To residuate (Cosec. x)\ Ans. 0. 

7. To residuate x"^ cosec. x. 

Ans. When 2=0, it is ^ ; 

when 2 = Wyj, it is ± (n 7r)-«. 

8. To residuate 2~* cosec. 2. 

-4«5. When 2 = 0, it is ; 

when 2 = »7r, it is ±(n7r)-^ 

f z 

9. To residuate ^:^.^- for any value x^ of z which 

2 2 

satisfies the equation 

f,zz=(t>. 
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Method of residuating. 
■ — ' ■■ ,* 

SpIuHon. Let /.^(s:^ +0 ^ infinite of the mth order, and 

let f.z=/.z.(2: — zj-, (183) 

80 that f. (Xq -f- {) may be of the zero order, and the required 
residual is, by (182), 

1.2.3.... (w— 1) 

^ d-r'S.{x ^+i)[ (x-'Xor'+{^-x^)-'i+(x^x ^) '^i2+ fe e] 
i . 2 . 3 .... (w — 1) 



1.2.3 m— U -^ — -^0 



/rf y f-K + O 
eg;r-.f:K+0.i^e^rTK+Oi^^^^^^ (i84) 



But it is evident, from MacLaurin's Theorem, that 



(185) 



1.2.3... (m— I) 
is the coefficient of i"*"* in the development of 

f.(z, +i).i- (186) 

or, dividing by i", that (185) is the coefficient of t*""-* in the 
development of f . (a:^, + i). Hence, by this theorem, 

1.2.3...(//»—l)'~ 1.2.3.. ..(»»— /i—l)~1.2.3...(m-/i-l)^^ 
which, substituted in (184), gives, for the required residua], 

1.2.3... (m-l) *—*„" 1.2.3... (i»-y)(z—a;o)2^ 

■*" 1.2 •(*-»^o)-*'^(*-»o)"-'"^(»-='or ^ ' 
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Integral residual. 

The value of f.x^ is found by the equation (183), which by 
(521 of Vol. I.) gives 

_ d^(z— xj" _ 1.2.3 m 

10. To residaate the preceding example, when 

_ 22 + ab 
•^•*— (z— a)(z— 6)2- 

iln*. When zz=.a, the residual is -. — -rrx, ; 

(a — 6)2 X — a 

^ . . fc2_2rt6— fl2 I , b^+ab I 
when z=6,it is- ^ 



(6— aj2 'x—b ' 6— a (x— 6)a 

11. To residuate example 9, when 
f.z=z cosec. z. 

Ans, When z = n tt, the residual is i 



6. The integral residual of a function between cer- 
tain limits is the sum of all its residuals contained be- 
tween those limits ; and the total residual is the sum of 
all its residuals. 

To residuate from one value of a variable to another 
is to find the integral residual between these values of 
the variable ; and to residuate totally is to find the total 
residual. 

a. The total residual is indicated by the sign ^^ and the 
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Nutation. 

integral residual is denoted by the same sign with letters an- 
nexed to it, to show t\te limits of the residuation ; thus 

£(/.4 (190) 

is the total residual of /. x ; while 

X'^ •(/•*) (i9») 

is the integral residual of /.x from the limit 

X =s=s Xq to X = Xj. 

6. The residuation is often limited to those values of the 
rariable, which render one of the terms or factors of the given 
function infinite, as in Example 9 of the preceding. section ; 
and this is indicated by placing, in double parentheses^ the 
factor which is thus regarded exclusively of the other factors. 

Thus X- {(/.*)). (/'.*) (198) 

indicates the residual of (/. x) (/'. x) with regard to those 
values of x, which render /. x infinite. In this way 

£.((/.«)) (193) 

should be used instead of (190) to denote the total residual of 
y. z. Id the same way 

/.«.(»-«o ) 
^•((^-x o)) ^***^ 

denotes the simple residual of 

/.x,(x— Xo) __ 
X — x^, -^^ 

for the value of x, ^ = ^a* 
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Notation. ' 



rel 
mi 



6. The variable in (191) may be itself a Tunction of other tot 
variables, as y, z, 6lc. ; and the residuation may be sought (19 
between the limiting values of y ^l^^ 

y = 5^0 and y z= y„ rei 

and those of z ^ 

z=z Zq and z =: Sj, &c. 

and this may be expressed by the form ij^ 

or more simply 

it being conventional in what order the limits are placed. 

7. Corollary, The preceding notation gives at once, if xf is 
avalaeof a; between x^ and x^, 

^*.. ((/-^Mrr^^^. ((/«))+ ^*i((/.x)). (197) 

8. Scholium, If x' is a root of the equation 

/.x = oo; (198) 

the value of the corresponding residual should be equally di- 
vided between the two terms of the second members of (197), 
that IS, when one of the limits of (191) is a root of (198), one 
half of the corresponding residual should be included in the 
expression (191). 

9. Corollary, If, in (196), there are only two variables y 
and z, and if y is taken to denote the real term of x reduced 
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IV^Bsidual of diflSerentia]. 

•tbei to the form (1), and z ihe real factor of the imaginary term, 

Qgb' (196) will denote the integral residual for all values of x^ 

whose real terms are included between y^ and y,, and the 

real factors of whose imaginary terms are included between 

%^ and z^. 

10. Corollary, It is evident from (182) and ^ 6, 
thai the residual is a linear function ; and found, as it 
is, by diflferenttation, it must by ^ 52 of B. II. be fret 
relatively to any other linear functionj such as differ^ 
ence, differential, &c. 

Thus, if the residuation is taken relatively to x, we 
£.((*•'./. (x,z))) = d^".t{(f.{z,z))y (199) 



I'i! 



195: 



19:, 



198! 
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Development of a function, which has infinite values. 



CHAPTER II. 

DEVELOPMENT OF FUNCTIONS, WHICH HATE INFINITE 

VALUES. 

11. Problem. To develop a function which has in' 
finite values corresponding to finite values of its vari* 
able, in a form which may be used for all values of its 
variable. 

Solution, hei fx be the given function, and let x^ be a 
value for which it becomes infinite^ so that, if i is an infini* 
tesimal, /. {x^ + *s infinite of the mth order. Then if we 

put f.x=/.x.(z — ij-; (209) 

we have f . r^ finite, and (200) can be developed according to 
powers of x — x^. We have, by Taylor's Theorem, 

f.x==f.x„+rf..f.:r,.(x-xJ+&c... + j^J^^^ 

whence, by (200), 

•^- (x-x,)-"^ (:^-x J"-i"^'*^^--"^1.2.3...(m-l) • x—x^ 

+ 1.2.3... 111^1.2.3.. ..(m+1) ^^^oJT^^' \^^) ^ 
Now the upper line of the second member of (202) consists of 
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Function, which is always finite, when the variable is so. 

terms divided by different powers x — z^, all of which are 
finite, utiless 

x=zx^, (203) 

in which case they are infinite ; while the lower line is a func- 
tion of X, which is finite in this case* We will denote the 
upper line by JT^ and the lower line by Yq ; and JT^ is, by 
(188), the residucd of 

when z=iXq. (205) 

If, then, we denote by Z^ all the other residuals of (204), 
wheny.z is infinite ; we have, for the total residual of (204), 

l.M^ = X, + Z,. (206) 

But by (202) / x=X^+Y,; (207) 

and therefore /• « — ^. df^)) «= F^ — Z^. (208) 

Now Yq and Zq are^ both such functions of x that they are 
finite when 

x=zXq; (209) 

that is, the first member of (208) is a function of z, which is 
finite for every finite value of x, such as (209), for which f.x 
is infinite, and if we denote this functioa by cr. z, we have ^ 

/•*-^-^-^ = -.-^ (210) 

Hence the second term of (210) is finite for all finite values of 
x for which f, x is finite ; and, therefore, or x must be Jinitt 
for every finite value of x. 
6* 
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Development of a function; which has infinite values. 
Hence in the equation 

the first term of the second member consists, as in (188), of a 
combination of terms arranged according to the negative pow* 
ers of K — Xq, X — x^, &c., while or. 2 is always finite, and 
can usually be developed according to powers of x by Taylor's 
Theorem, or by some other simple process. 

12. Corollary. When the modulus of x is infinite, the first 
term of the second member of (211) vanished, and (211) be- 
comes 

/.oo = Br.oo. (212) 

13, Corollary, When the first member of (212) is ^nite for 
all values of the argument of x, cr. x is always finite. But it 
has been shown, in ^ 31 of B. lll.j that the equation 

= 0, or cr.a; = oo, (213) 

tsr. X 

is always possible, unless sr . x is constant, that is, independent 
of X ; and^ therefore, if we put 

/. 00 = F; (214) 

we have 

t!r.x = JP, (215) 

and in this case 



f., = l.MJll + ^. 



(216) 
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Development of a rationfil (raction. 

14. Corollary, When f.x'ia a rational fraction, tj*x \b 
also a similar rational fraction, because the second term of 
(210) consists of the sum of such fractions. But tar. x cannot 
have an entire polynomial for its denominator, because such a 
denominator would vanish for finite values of z, and sr. x would 
become infinite. Its denominator must then be constant; that 
is, nf.x must be an integral polynomial. 

15. Corollary, If, in the preceding corollary, the degree of 
the numerator of/*, x is greater than that of its denominator, 
this function is infinite when its variable is infinite ; but if the 
degree of the numerator is equal to that of the denominator, 

f^x is finite when its variable is infinite ; but if the degree oi 
the numerator is less than that of the denominator, f. x van- 
ishes when its variable is infinite. For if the function is 

/. X = ,J\ . ^ .JJ" (217) 

we have /. qd = ^(^;. = ^ (« )-^ (218) 

which is infinite, when n > n', 

finite and 1= -7 = F, when n = n\ (219) 

zero, when »<;»'. 

The polynomial tj.x is, therefore, reduced to a constant in 
the second case, and to zero in the third case. 

16. Corollary. The easiest way of finding t7. x in the case 
of § 14, is to reduce the given fraction by division to a mixed 
expression, consisting of an integral polynomial, and a fraction 
in which the degree of the numerator is less than that of the 
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Development of cosecant. 

denominator. For this last fraction can, by the preceding 
corollary, furnish no part of the polynomial cr. a:, which must, 
therefore, be the same with the polynomial thus obtained by 
division. 



17. Examples. 

1. Develop (sin. x)—^ by the preceding principles. 

Solution, The general expression for the root of the equa- 
tion 

(sin. x)-i = QD , (220) 

18 X = ± » ^, (221) 

in which n is any integer at pleasure; and the corresponding 
value of the residual of 

(sin.«)— 1 
X — z 

is, by Ex. 9, § 4, if we put 

1 1 



f.z = 



dg . sin. z COS. z 
1 1 



COS. nn x^nn 

80 that by (21C) 

111 1 . • , 
cosec. X = -. — = ; r— 4 



(223) 



sin.x X a;-j-?r x — n x-{-2n x — 2a 
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Developmeiit of lecanti. 



2. De?elop sec. x by the preceding principles. 

Ans. sec..==4.(-5-i^,-^^^ 

(224) 

3. Develop (e* + r-*)-i = \ Sec. %. 

Solution. Let jr = y + «V— 1» (226) 
and we have, by (89), 

«« = elf (cos. « 4. /^ _ I . sin. «), (226) 

e^z= €r^(co8. « — V — 1 . Bin. z). (227) 

Hence the equation «* + ^"^ = ^> (228) 

involves the two {e^ + *^) ^s* « = 0, (229) 

{e^ — r-y) sin. « = 0. (230) 

Hence, cos.« = 0, ^=e-f, or «"«'=: 1, y = 0; (231) 

z=±(«+J).i, (232) 

and the root of (228) is 

Xo=±(n + J)^V-l. (233) 
If, now, we take 



^- = ^<F^ = 7i:=^ (^) 



we have, by (90 and 92), 

1 



'•^» = =*=2V^' (235) 



and the corresponding residual of 



X — X 



(236) 
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Development of a rational fraction. 

i3 i_l L. -4, 1_ 

(237) 
we have, then, 

_L_-/ I I \ 

4. Develop (e* — c— *)--^ = J Cosec. x. 

Solution. Since 

(x — 1)2 (i + 2) z= x3 _ 3 a; -j. 2, (240) 

we have, by division, 

^*+» =.,+3+;=^^!^. (241) 



^x-lf(x+2)- ^ ^•(x_l)Mx + 2)* 
Now by Ex. 9 of § 4 



r // — 2gg+ 9z— 5\ V 1 2_ 

(242) 



1)« 

13 31 

'9(x — 1) 9(2 + 2)' 
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Development of rational fractions, 
whence, by (216)^ 

Ji] {x—l)'i{x + 2)~ ^ ^3(x — l)a 

, 13 31 

■T"9(x— 1) 9(* + 2)' ^*"' 

6. Develop ^ — '^-^, , in which x., it,, 

&c. are all unequal, and the values of x, which render f. s 
Ml infinite, are to be neglected. 

Solution. We hare at once 

/•" — f /•* L_ ^244^ 

(x-Xo)(x-x,)...- <--{{{*-x,)(z-x,)...))'x-x ^^' 

»1 f.x, I 



+ fih . _L_ + &c. 

7. Develop ^^^'~J_gy 

. 2 . 1 

^'"- 3(I+T)-r3(x— 2)' 

o TV . «♦ — 8*»+2 

2 2 2 

"****• *~(x— 2)»~3(x— 2)'^3(*+l)' 
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BOOK V. 

INTEGRAL CALCULUS. 



CHAPTER I. 

INTEGRATION. 



1. The. integral of a given differential is the ftinc- 
tion of which it is tin differential ; and/Ae integral of a 
given finite function is the function of which it is the 
differential coefficient. 

To integrate is to find the integral. The sign of Integra* 
tion is f ; thus 

fd.x^x, f.d.f.x = f%\ 

fd,. x=x, /. d,.f. X =/. X ; (245) 

f^di.x=zx, /^rfj. /.««=/.«,&€. (246) 

2* Corollary, Since we hare 

c7..(x + a)=:J,./.x, (247) 

for all values of a, it follows that 

f.d^fx=fx + a, (248) 

that iS) the integral of a function may have an arhitra- 
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64 INTEGRAL CALCULUS. [b. V. CH. I. 

Increase or decrease of arbitrary constant. 

ry constant added to it, and ia this form the integral is 
said to be complete. 

3. CoroTlary. Any constaat may then be added to, or sub- 
tracted from the incomplete integral, and the form of the in- 
tegral may often be changed by this process. 

4^ Corollary. If jthe integral contains a term of the form 

log./ X, 

this term may be changed, |>y the addition of a constant, to the 
form 

log- /• aJ + log. a = log: (a/, x}. (24&) 

6. Corollary. If the integral contains a term of the ferm 

sin.[— *3 X, 

this term may be changed, by the addition of a constant, to the 
form 

sin.H^] 2— J TT = — (5 7t— sin.[-i] x)=z — cos.[-i] x (250) 

or it may be changed into 

cose.C"-^I-, or into coaS—^'i\/{l^x^) or into -»tnj-il\/(l-ic^). 
•*' 

In the same way, terms of the form 

cos.[-^Ja;, ~ tan.[— ^]x, cot.MJ a?, sec.C—^lx, &e^ 
may be changed into 

- — sin.C— ^3 X, cot,[— 1] X, — tan.[-^] x, — cosec.C7y x, &o.. 
or into 

see.!-*] -, — tan.'^-^J-, tan.C-i]-, cos,C-^]-, &c. 
it . X X % 
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Number of arbitrary constants. Definite integral. 
or into (251) 

sin.[-W(l-x«). --'^-^^;y^y --^"^'W^)' 

6. Corollary. Since every integration introduces an 
arbitrary constant, the number of arbitrary constants 
in a complete integral must be equal to the number of 
integrations. 

7. Corollary. The difference between the two values 
of an integral, which correspond to two values of its 
variable, is called the definite integral from one value 
to the other value of the variable. 

Thus if Xq and x^ are the limiting values of the yariaUe, 
the integral of d^.f.x from Xq to r^ is, by (246), 

(/.^i+«)-(/.^o + «)=/^.j-/.^or (252) 
and it is written 

y^^rf,./.x=:/.v (252) 

The definite integral is, therefore, independent of the value of 
the arbitrary constant ; but the places of the arbitrary con- 
stant and the variable are supplied by regarding one of the 
limits as arbitrary and the other as variable, thus 

fl^.d..f.x=f.x—f.x^, (254) 

which gives, by (248), 

a=i—f.x^. (255) 
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66 INTEGRAL CALCULUS. [b. V. CH. I* 

Integrals are linear functions. 
8. Corollary, Since 

fl<>j^.f.x=f.x^-f.x„ (266) 

we haye^ obviously, 

. 9^ Corollary, Equation (246) shows that integration may 
be regarded as negative dilTerentiation, that is^ 

*:•=/ (258) 

10. Corollary. It is evident, from B. II. ^<^ .51 and 
62j that integrals are linear functions^ which are free 
relatively to all other linear functions. 

Thus we have faf.xznaf.f x. (259) 

11. Corollary. Differentials^ residualsyund integrals 
are functions which are relatively free. 

12. Corollary. When a function can be separated 
into parts xonnected by the signs -f- or — , the integral 
of the whole function is the algebraic sum of the partial 
integrals. 

This method of integration might naturally be called inte- 
gration by parts, but the following is a particular case of it, to 
which this designation has been applied technically. 

13. If II and v are functions of a variable, we have (Vol. I. 
468) 

d^.uvz=iud,.v-^vd^.u, (260) 
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Intej^ration by parts. 

whence ud^.v=z d^.uv — vd^.u, (261) 

and by integration 

f.ud^.vzrz uv—f.vd,.u; (262) 

and when a given differential coefBcient can be sepa- 
rated into two factors^ one of which, d,. v, has a known 
integral, the integration can often be effected by the 
aid of (262) ; and the application of this formula is 
called integration by parts. 

14. Theorem. A definite integral, which is taken be- 
tween limits differing by a quantity equal to the differ- 
ential of the variable, is equal to the differential of the 
integral. 

Proof, For the equation (252) become^ when 

Tq = x, Xj = » + !/», (263) 

by (Vol. I. 421) 

fl'^''.d,f.x=Mx+dx)-f.x^d.f.x. (264) 

16. Theorem. If ar^, a?„ ar^, . . . . ar, are successive 
values of x, a definite integral from Xq to or., is equal 
to the algebraic sum of the corresponding definite ^inte- 
grals from Xq to aTj, from x^ to or^, &c. 

Proof. We evidently have 

+ (/.«3~/^2) + &c. (266) 
16. Corollary. Hence if Xq^ x^^ ot^, &c. differ by dx, 
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68 INTEGRAL CALCULUS. [b.V. CH. I. 

Change of variable. 

the definite integral from x^ to x„ is equal to the al- 
gebraic sum of all the corresponding differentials from 
^0 ^o ^n, taken at intervals equal to dx. 

■ 17. Scholium, Propositions 14 and 16 require that the inte- 
gral be a continuous function between the limits, and partica- 
]ar caution must be observed to exclude those cases, in which 
the value of the integral varies from positive to negative, or 
the reverse, by passing through infinity, so as suddenly to vary 
from positive to negative infinity, or the reverse. 

18. Theorem. If we have the equation 

f.f,x = F.x (266) 

and if we substitute for x any function at |)leasure, as 
y . or, we shall have 

/./.(9.a;).£f,.9.x = F.y.Jc. (267) 

Proof. For (266) gives by differentiation 

d,.F.z=f.x, (268) 

aiid putting x z=i tp.y (269) 

we have, by (Vol. I. 566), 

£4.,F.9.y=/.(9.y).rfc.9.y, (270) 

and by integration 

F.<f.y=f,f.{^.y).d^.^\y, (271) 

which is the sanfie with (267), changing y to x. 

\^, Corollary. When xzn^.y (272) 

we have /./»=/./ (9. y). rf,. 9- y. (273) 
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IntegratioQ of algebraic monomiaU. 



CHAPTER II: 

INTEGRATION OP RATIONAL FUNCTIONS. 

20. Problem. To integrate an algebraic monomiaL 
Solution. First, If the algebraic monomial is 

a^, (274) 

in which n differs from — 1 , the substitution in 262 of 

u^z aof, » = z, (275) 

J,.tt = »aaf-», rf,»=l, (276) 

gives /.aa:" = ax»+i_/.»ax"=ax«+i — !•/. aaf ; (277) 
whence, by transposition and division, 

n/.ax»+/.az»=:(ii-f l)/.az«z=ax»+i, (278) 
ax*+i 

that is, the integral of the monomial is found, by in- 
creasing the exponent of the variable by unity, and 
dividing by the exponent thus increased. 

Secondly, An arbitrary constant should be added to (279) 
for the complete integral, and we have as in (254) 
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70 INTEGRAL- CALCULUS. [b. V. CH. IL 

Integration of algebraic monomials. 

Thirdly, When n = — \ 

(279) becomes infinite. But the infinite form may be avoided 
by means of an infinite arbitrary constant, such as that of 
(230). In this case, (280) assumes an indeterminate form, 
the true value of which may be ascertained by means of B. 
11.^ 104. For the differentiation of the terms of (230) rela- 
tively to n gives, by (Vol. I. 431), *' 



y^o" 



.aar-i = 



flrf,...(xH-i — y"^-fi) 



<.„.(n+l) 
= a (x«+i log. X — a;^jM-i log. z^) 
= a (log. aj — Jog. iKo), (281) 

or omitting the arbitrary constant a log. x^ 

f.^z=a\6g,x. (282) 

21. Corollary. Every algebraic polynomial, being 
the sum of monomials of the form (274), may be inte- 
grated by integratirig its terms separately ; and any 
function can also be integrated by this process, which 
chn be reduced to such a polyno'mial. 

22. £:j^amples. 

1. Integrate C^s -f*^ -j-5-v/a;2-^-i- + 8x-». 

Ans. a;6 + fx^ + 3x* + iar^ — x-s. 

8. Integrate 3 V « + i ar-i. Ans. 2 xt + V*. 
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Integration of rational fractions. 

3. Integrate ax^ -{-bx^ -\ 1- *. 

Ans. ^ax* -^^bx^ + c log.x -j* **• 

4. Integrate x-« (i« + x -j- I)*. 
A.S. ix3 + x2+3x + 21og.x — r-i. 

5. Integrate x (x + «~ *)*• -^n*- i x* + *' + ^^^g- *• 

23. Corollary. The substitution of 9. x for x in (279) and 
(282), gives by § 18, 

f.a{v.xYd,.<P.x=:^^^^i (283) 

24. Corollary. Let 
9.x = 6x4-c, rf... y.x = 6, (285) 

(283 and 284) become, by dividing by b, 

/•»-^=s'"'«<"+'-> <^> 

25. Problem. To integrate a ratiojial fraction. 

Solution. Let the fraction be reduced, as in B. IV. § 16, to 
a mixed quantity, of which one part is an integral polynamial^ 
and the other is a rational fraction, in which the degree of the 
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Integratioii of rational fractions. 

numerator is less than that of the denominator. If this second 
part is denoted by f, ir, (216) and B. IV. § 15 give 

/.x = ^.^l (288) 

The integral of (288), relatively to x, is by (287) and ^ 11 
/./. z = ^./<L^= I. ((/.*)) log. (x-x) i (289) 

and (289), added to the integral of the polynomial, is the re- 
quired integral. 

26. Corollary. Since (288) is, by the process of B. IV. 
^ 4, Ex. 9, reduced to the sum of several fractions of the 
form 



(«-*o)" 



(290) 



(289) is the sum of their integrals, or is itself by (286 and 
287) the sum of several terms of the form 

when n is greater than unity, and of the form 

/.*„log.(iB-x„) (292) 

when n is unity. 

27. Corollary. When the given rational fraction is a real 
function, it follows from B. III. ^§ 37-39, that x^, the con- 
jugate af Zq, furnishes a fraction, corresponding to (290) 

/'•v . 



(x_V)"' 

y Google 



(293) 
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Integration of rational fractions. 

such that if fJx^=A'{^B^—h (294) 

then ' fjxjz= A — Bs/—\\ (295) 

and if we put (x — z^Y^^ z= JT + Y^/ — 1, (296) 

in which X and Y are functions of z, we have 

{z — Xo')^^ = X— FV — 1. (297) 

Hence the sum of (291) and the conjugate fraction is, sup- 
posing 

Xo = a + 6V-l. (298) 

1 (A+B^/'l) (X^rV-l ) + (A-Ba/-1 ) (X+Ya/^I) 
n-l* .(x — x,)«-i (x — xo0«-i 



1 2AX+2BY 



(299) 



— „_i (x2— 2ax + a9-f6^)«-i' 
which is a real function. 
In the same way, since (95) gives 
\og.{x—XQ)=i\og.{x — a—bA/—l) 

=z Jlog.[(x— a)2+62]— tan.C-1] — V-1, (300) 
the sum of (292) and its conjugate is 

A log. [{x _ a)2 + 62 j _|. 2 B tanJ-il i (301 ) 

Z u 

which is real ; so that the required integral is . thus entirely 
freed from imaginary quantities. 
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74 INTEGRAL CALCULUS. [b. T. CH. IL 

Integration of rational fractions. 

28. Examples. 

1. Integrate 

xt ^^Ox^ + Sex^ + eix^+GST^+Wx^ — ^x — l 
{x^+'^x + )i)^{x+i)^(x—l) ' 

Solution. First. When, for this example, 

«o = i, 
we have n =z 1, f.x^ z=z I, 

and (292) becomes log. {x — 1). 

Secondly, When a^ = — 1, 

we have for n := 3, /'. Xq = 1, 

80 that (291 ) becomes -^ 2(x4- 1^^ ' 

and we have for n=^% /. Xq = 0, 

for n=l, f.x^=zO. 

Thirdly. When a;o = — 1 + ^/— 1, 
we have for « = 2, /. x^ = — i ; 

so that by (294 and 295) 

A= — h B = 0, 

jr=a; + i, r= — 1, 

x + l 
and (299) becomes 2(x2+2x+2)' 

We have also for n = 1, /' x© = i» 
80 that by (294 and 296) 
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Integration of rational fractions. 



and (301) becomes — J cot.[-iJ(x + 1). 
The required integral is, therefore, 

2. Integrate ^^^^. 

Ans. ix'+3*-g^^-+ V log.(x-l)- V «og.(x+8). 

3. Integrate 



4. Integrate 



(x + l)(x — 2)- 
Ana. flog.(x+l) + ilog. (x_2). 

g4_3a;3 ^2 

{x+i)(x::r2)a- 



Ans. i»«+^-flog.(x-2) + |log.(x + l). 

6. Integrate , y+^ 

il»i. giog. (z2 — 2ax4.aa +52) 

^ ^ tanJ-^]-— _. (302) 



6. Integrate 



^ 6 

»g + H I 

r-n V6 
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Integration of rational fractions. 

7. Integrate ^j^- 

Ans. tan.[-i] x = cotC-^] -. (304) 



8. Integrate 
Ans. 



X 

nx -{- m 



(22_2a2 + a2+62)2 
(na4-»i)x — n{a^ +^^) — "»a 

-J-^-tan.[-i]^— -. (805) 
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Integration of irrational functions* 



CHAPTER III. 

INTEGRATION OF IRHATIONAL FUNCTIONS. 

29. To integrate f • [x, ^/ {a x ■{■ b)]. 

Solution. Let y = i^{ax-\-h), (306) 

whence x = ^ ~ , 4,. x z= ^ — , (307) 

and bjr § 19 

f.f.[x, V(a«+6)] =/./.(^-, yy^^^x 

30. Examples. 

1. Integrate \/(«2;4-^)* 

Solution. Equation (308) becomes, in this case, 

^ -vv -r y J ^ (fli + »)a 



2. Integrate 



(w + n) a 

\/2^I* 

iln5« x 4" 4\/a; + 4 log. {a/ x — 1). 
7* 
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Integration of irrational functioni. 

3. Integrate -^ -* — . 

6 

Solution. Let y = \/% 

and (308) becomes 

4. Integrate « V (^^ + a) + V (2: + a). 



5. Integrate ^^ // VTv^ 



a(» + l) 



31. Problem. To integrate f.[x,js^ {a 3:^ + bx + c)]. 
Solution. Let g = y — o->»>=: 7"o — , (309) 

whence ax^-^-bz + c^ ai/^ -^ — 

= a(y2_«) (310) 

rf.,x=l; (311) 
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Integration of irrational functioni. 
and by § 19, 
f.f.[x, V(ax9+6x+c)]=//£y- A VKyi^)]] (312) 

There are, then, several cases : 

J^rst When a is negative and tn negative, the radical 

V[a(y»-i«)] (313) 

is always imaginary, and the integral, being imaginary, admits 
of no real solution, and may be solved as in either of the other 
cases which, in this case, become imaginary. 

Secondly/, When a is positive and m negative, y^ must be 
greater than m, when (313) is real, let, then, 

z = V(5<2_m)-y, (314) 

whence {y + z)^z=ff^'j-2i/z+z^t=sy^—m (315) 

y = -£-i« (316) 

VIa(y»-m) = Va,(«+y)=^/a.(-^ + J^)(318) 
and (312) becomes 

//•[-f-»'-4-'»-(5'-?.)}(fe-J)-<»«') 

Thirdfy. When m ia positive, let 

,a=fiy=l^). (320) 
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80 INTEGRAL CALCULUS. [b. V. CH. III. 

Integration of irrational functions. 

whence y = ^ — ^ — ■' (3*1) 

V[«(y«-».)]=-H^^' (323) 

and (312) becomes 

32. Examples. 

Solution. In this case (312) becomes 
(319) becomes, by reduction, 

= — ;^- ^og- [V(y*— "»)— y]. 

or since 

— w 



V{y^—m)—y- 



log. \/(y^ — »») — y = log- (—"i) — iog.[v'(y^— »0 +fj] 
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Integration of irrational functiona. 

in which j- log. — m may be omitted, as in art. 3. 

Again (324) becomes 

which, when a ia positive, is 

_L io<r?+^=-L log ^^(yf V«)+V(y— V«») 

= ;^.Iog.tV(y»-«)+y]-^; (328) 
but when a is negative (327) is as in (303) 

The form of this last solution may be changed in several ways, 
which will often be useful ; thus, let 

whence tan.«=j(^^) 

2\/» 
. sec.aa = l+tan.«fl= ^ 



C0S.2 ^ 






2\/m 

\/»» — y 



sin.2 d =r tan.2 t . Cos,* a = 
sin.* 2 a = 4 sin.* a . cos.* a = 



2\/m 
m^y^ _ 4 g(fl gg+6 z+c) 
m "~ 4ac — 6* 



tf & -4-2a X 

cos.2a=2cos.*^ — 1 = -7- = -77^-1 — r 
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82 INTEGRAL CALCULUS. [b. Y. CH. III. 

• Integration of irrational functions, 

and (329) gives 

V— a * s/{b^—4^ac) 

1 . .. 6 + 2ax 

== COS.L""*J ' 

1 =F6=F2ax 

= -t sm.L— *] — ■ ■ . 

2. Integrate - . -. Ans. sinJ-^z. (332) 

V (1 — «») 

3. Integrate ^^/^^,^ . (333) 

iliw. log. [x + ^ ( 1+ »»)]. 

4. Integrate ^^J_j^ . (334) 

AuB. log.[x+V(3J* — !)]• 

l3 



5. Integrate 



V(l-x»)' 



«• ^"'^'^'"r xV(aV6x») ' (336) 

-2V« *'V(« + *«»)+//« 



or — —i sin. [— '] - 1 — 



a 



• — T Bin. I -J - ^ ^ -. 
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Integration of irrational functions. 

8- Integrate ^^;j^^. (337) 

Ans. iogV(l-^'):ZJ. 

X 



ilns. — ain.t— 1] - or secC-^Jx. 

X 



10. Integrate 



^«5. I0g.[j + X+V(^« + X)]. 

H 

33. Problem. To integrate /.[:r, J ^ "^^^ T (339) 



Solution. Let 



a4-6x 



whence 



, n(6c — o*)y»-i 



(341) 
(342) 



and, by ^ 19, the integral of (330) becomes 

r- a~^y -i n(bc—ak)y >>-i 
•'••'• L* y"-*' * J • (Ay_6)-5— <^) 
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tntegration of irrational fiinetiona. 



34. EXAMPLBS. 



3,1 — * 

1. latcgrate J-^p^. 

Ans. V(l-«).V(l+«)«-log.[V(l— *)+V(l-l-»)] 



2V(i+*)-V(i-*) 



1 3,1 — X 

2. Integrate .^^-j-^ . J-^j-^. 

3 /I— XV* 

^'•*- *j(iT"J- 

36. Problem. To integrate 

*— V-[v'(« + 6x"). X-, X-], (344) 

tpAe» m is exactly divisible by n. 

Solution. Let a + 6x" = y»; (345) 

whence x»=?l^, (346) 

^"•=(^)"- (^*^) 

res 

(348) 
*•" w(y'-a) \ 6 / ^ ' 



The diiTerential coefficient of the logarithm of (346), gives 

X y'—a 

whence 
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Integration of irrational functions, 
and, by ^ 19, the integral of (344) becomes 

36. Corollary. When 5^ = 2 and 2 m is divisible by 
n, (360) is integrable by ^ 31, 

37. Examples. 

1. Integrate «* >^(a + ^ aj*). 
Solution, In this case 

mssaA, n = 4, g = 5; 

whence y = a/{^ -f" ^ **) 

_ 5V(a+6»*>« 
~ 246 

2. Integrate *«^(a + **»). 

/5x2 25o \ «,, , . .,, 

3. Integrate ;^f^^y 

8 
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Integration of irrational fanctions. 



4. Integrate 



Ans. — }xV(l — 2a) + Jsin.t-il2. 
38. Problem. To integrate 

z»-i(a + 6s")f/.(t«) (361) 

when \ — is an nteger. 



Solution. Let a 2-» + 6 z= y*, 




(352) 






(353) 


y« — 


^ + ^- = y&. 




(354) 


r-i " \» 




(355) 


'^-\y-b}' 


The differential coefficient of the logarithm of 


(353) 


gives 


nd,,^.x_ qy^-i 

X y' — b' 




(356) 


whence 






x-><,-- r../ .\^jr\ 


"v* 


(367) 



and, by § 19, the integral of (351) becomes 
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IntegraUon of binomial irraUonal fanctions. 



Examples. 



1. Integrate -i _. 



Ans. -I-}: 1^\/V(a-Hx3)2v 

2. Integrate ^(^ + ^^')\ 



8ax8 



40. Problem. To integrate 

x'^ia + ba-y (359) 

when m and n are positive integers, and p is aposi- 
tive fraction. 

Solution. First. Let v = «•, (360) 

in which s is to be taken of such a value as may be found 
most useful ; let, then, 

ud,.vz=x'^{a + b ary ; (362) 

whence « == - x»--*+i {a + b 7f*y, (363) 

^ »l— 5-4-1 b nn 

'•"'=' "~7^ **^ («+**")"+ -7^ *^'+*(«-P ^)^M (364) 
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lnto|^ratioQ of binomial irrational functions. 
or, since (a + 5 x-)'» = (a + 6 x-) (a + 6 x")'^^ ^ (365) 

d^u = i — - — ^-^ — ■ — '"^ — a;*-*(a+^ z")'*-*, (366) 

s 

and, by (262), the integral of (359) is 
-«»+i(a + 5i")' 
_^ (m-5+l)«-Km-5+l+n;>)ftx" ^^^_^^ ^^^^^ ^3^^^ 

and, if s is taken such that 

m—s-\' 1 +np = 0, that is, 5 = 111+ l+np, (368) 
(367) becomes 

a;«H-i(fl + 5x")^+aiip /a;"'(g + 6x")i^il ^^ 

»i + 1 -}- np ' ^ ' 

The value of the required integral is thus made to de- 
pend upon that of an integral, in which the exponent of 
the binomial {a-^bxr) is diminished by unity; the 
value of this new integral may, by the same formula 
(369), be made to depend upon that of an integral, in 
which the exponent of the binomial is still farther di- 
minished ; and so on until the exponent of the binomial 
is reduced to a fraction less than unity. 

Secondly. Instead of (360) let, now, 

t? = (a + 5a;-)'; (370) 

in which 5 is to be taken of any value, which may be found 
useful ; whence 

</^ » = n 6 5 x"-i (a + 5 7r)^\ (371) 
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Integration of binomial irrational functions. 

and if u is taken so as to satisfy (362), 

u = -i- . a;«-»+i {a + b x")P-H-i (372) 

_^^ — _! — L 2»«-i»-j. ' ' ^ 1"* I {a-^byry-^, (373) 

and if s is taken such that 

m+l+np — iis = 0, that is, 5z=^^+p (374) 
(373) becomes 

^' " = a/"*!! 1 —-! '»"-(« + 6 x-)!^. (375) 

and, by (262), the integral of (359) is 

x-»r^^a+b^)p+i—a ( m^n + \)f.x-^{a-\-b7ry 

6^+ 1 + np) ' ^"^^^^ 

in which the exponent of the factor x"" of the binoniial 
is diminished by that of ar" in the binomial, and this 
exponent may by a repeated application of (376) be still 
farther diminished until it is less than w. 

Thirdly^ By the successive use of (369 and 376), 
the required integral may be made to depend upon one 
of a similar form^ in which the exponent of the binomi- 
al (a -\- b of) is less than unity , and that of its factor 
is less than n. 

8* 
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Integration of binomial irrational functions. 

Fourthly. The development of (a + ^ ^Y ™^y ^® effect- 
ed by the binomial theorem, either according to ascending or 
descending powers of a; ; it being better to use the ascending 
powers when 

^<J. (877) 

^d the descending powers when 

x->f. (378) 

Iq on^ case the integral of (359) is 

"" w + 1 + w + n+T" + 'l,3.(w+2w + l) +^^* 



Lw-t 






(^)%&e.] (379) 



* 1.2.(»i + 2n + l) 
and in the other case 

= — ; — r? +^^ i n — H ^^- (^Q^) 

^fti'xni.+^+l/ ji— — -j r-^ ^.JL + &C.\ 

\np+»i + l * np-\'m — n-f-1 6 x" ' / 



Digitized by VjOOQIC 



^ 41.] IRRATIONAL FUNCTIONS. 91 

Integration of binomial irrational functions. 

41. Examples. 

1. Reduce the integral of x* (a + fix^jf to depend upon 
one, in which the exponent of a -f- 6 x^ is less than unity, and 
the exponent of its factor is less than 3. 

Solution. By putting in (369) 

m = 4, n = 3, p — i, 
it gives 

and by putting in (376) 

m = 4, n = 3, p = J, 
it gives 

so that, by substitution, 

2. Develop the integral of x {a -{- b x^)^ according to pow- 
ers of X. 

Solution. By putting in (379 and 380) 

m = 1, n = 3, p = J, 
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Integration of binomial irrational functions. 

=V(6xt)[^+^-a(^)«-&c.] 

3. Reduce the integral of X* (a^ — z^)^ to depend upon 
one, in which the exponent of a^ — x^ is less than unity, and 
that of its factor is less than 2. 

Ans. {^ x6 _ ^^ a2 x^ — ^^^ «* ^) («^ — «^)* 

+ AW «V- («"-*")*• 

4. Develop the integral of (a^ — x^y ^cording to powers 

of X. 

^ / x2 Jt* V 

Ans. a''x^l — i. — — :f^. — +6LC.j 

or -x4(^+ g + ^-,.^+&c.) 

5. Develop the integral of x(l-}- a; ^)^ according to powers 
of X.. 

or a:*(i + f x-3+^ar« + &c.) 

42. Problem. To integrate (359) /or «fl rcaZ values 
of my fly and p. ^ 

Solution. First, When m is a negative integer and n a 
positive integer, the substituting of m-|-n for m in (376), 
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Integration of binomiar irrational ifancttoilfl. 

freeing from fractions, dividing by a (m -f- l)i &nd transposing, 
give for the required integral , 

z '«+i (a-^h x") H-i— ft (m + l-f-n p+n)/ x'"^ {a+b Try ' . 
a{m+l) '^"^^ ^ 

which forniula, since m is negative, serves to increase 
the exponent of the factor of the binomial under the 
sign of integration, until it becomes positive but less 
than n. 

Secondly. When p is negative, the substitution of p + 1 
for j> in (369) > gives by reduction for the value of the require 
ed integral 

-7-^+^ {a+b af ) y+i+(m+l+n j>+n)/x- (a+b x")H- i 
an{p + l) * 

which formula serves to increase the exponent of the 
binomial under the sign of integration, until it becomes 
positive but less than unity. 

Thirdly. When m and n are fractions and n positive^ let 
the common denominator of fn and nhel, and let 

x = yV (383) 

whence d,,j,, x — / y^-i (384) 

and, by ^ 19^ the intregal of (359) becomes 

fly^i+i-i{a + by^^Y (385) 

in which the exponents of y are integers, so that it may 
be integrated by <^ 40, or the preceding part of this sec- 
tion. 
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Integration af binomial irrational functions. 

Fourthly, When n is negative, a simple algebraic reducticm 
gives i 

a:*(a-|-6a;»y = a;«+«i»(6-|-ax-«)p, (386) 

the integration of which may be effected by ^ 40 or 
the preceding part of this section. 



43. Examples. 

1. Reduce the integral of 2-2 (i^a;3)-* to depend upon 
one, in which the exponent of the binomial is positive and less 
than unity, and that of its factor is positive and less than 3. 

Solution, The substitution of 

« = — 2, »s±3,\p = — ^, az=zly 6=1, 
in (381), gives 

y:ar2(l+x3)-^=-.a;"»(l + x3)*+/rc(l + x3)-* 
the substitution of 

m=l, n = 3, jp=: — i, o=l, 6=al, 
in (382), gives 

/ X (1 +a:3)-i =_ 1 x2 (1 4. x3)? + 2 / x {\ + x^)^- 
Hence 

/x-2(l+^3)-i^_(3j-1^^.^2)(l^^3)f+2/z(l+x3)* 

2. Reduce the integral of x-3(j[ ^3.3) ^ to depend upon 
one, in which the exponent of the binomial is positive and less 
than unity, and that of its factor is positive and less than 3. 

Ans. J(a; — x-2) (1^3,3)* _y: (1^2.3)* 
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Integration of binom al irrational fbnctioni. 

12 

3. Reduee th6 integral of (1 + **) to depend upon 
one, in which the exponent of the binomial is positive and less 
than unity. 

Ans. M (I + *')"* (3 + aJ* — x*^) +♦/ (1 + «*)*• 

4. Reduce the integral of x* (a + * ^ Y ^^ depend upon 
one of the same form, but in which the exponents are integral, 
except that of the binomial. 

Solution, In (383) we have, for this case, 
/=;=15, x = y^*, 
so that (385) gives 

5. Reduce the integral of z* (a -}" * ^ Y ^ depend upon 
one of the same form, but in which the exponents are integral, 
except that of the biomiol. 

Ans. I5f.y^^ (« + 6 y^^Y- 

6. Reduce the integral of z* (a + ^ aj"*)" to depend up- 
on one in which the exponent of x in the binomial is positive. 

Ans. f.{b + ax^)t 

44. Problem. To find the value of the definite into* 
gral 

/i «-(« + & 7^)p (387) 

inwhich c = V-J (388) 

dnd m, n, and p are positive. 
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Value of binomial definite integral. 
SolUi.n. Tiie substitutio 1 of 

. a = — bi^ (389) 

reduces (387) to 

hrf'o^(^ — cy=z{—bYf; x^ii^—Try. (390) 

First: The term of (369) 

ajiH-i {a+bxr)P=bP x-H-i (i"_e")i' (391) 

is zero when x =z 0, and when x i=: c. (392) 

Hence (369) gives for the value of (387) 



anp 



m + l-j-wjP 



/j.x-(a+6x-)P-S <893) 



and, in the same way, by changing piop — l,p — 2, &c., 
(3C9) gives 

yj x«(a+6 .-)i-i ==^^^11^ 

" /;xr(a+6af')^^= ^^"^y^^^^ /- x-'(a+6^)^(395) 

<Sz;c« 

The substitution of each successive value, in the preceding 
one, gives for the value of (387), if Pq is the greatest integer 

ian)Pop{p—l){p^2) .,..{p—po:^l) 
{m+l+np) [m + l+n{p-l)]....[m+l+n{p^p,+\)] 

X fo tT {a + b x")P-Po (396) 
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Vaiae of binomial definite integral. 
Secondly. In the same way, (376) gives 

/•. .- (a+ A «-). = _fg=2±Il/.. ,^(a+»x.), (397) 

and for the final value of (387), if A is the greatest integral 
number of times, which n is contained in m, 

(«4-l+;,p)--[^l+„^plA+l)]'^ x-*-(a+6x-)^(399) 
Thirdly, The series (379) gives for the value of (387) 

45. Corollary. In the particular case, in which 

OTz=0, n = 2, p=: — i, (401) 

we have 

a = — 6 c2, c = V — |, (402) 

and by (331) . 

/;/(«+6.»)=-v^6<^-f-'^VRi); (403) 

whence 
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Value of binomial definite integral. 



46. Corollary. It follows ftom (404), that if 

6 = — ^^ ''=^ (^05) 

47. EXAUPLBB. 

1. Find the value of the definite inteffral /**—5--L. .____, in 

which C a= . 

g 

Solution. The sabstitution of 

»l = 4, n=:2, prr— J, A = 2 
in (399) gives, by (406), 



V(a-^2x2) - ^ • a:^J:i/(^ 



Za^ n 



• — t: r. 

8. Find the valae of the definite integral /**. „ * ;• 

Solution. Equation (399) gives 

Digitized by VjOOQIC 



<^ 47.] IRRATIONAL TUNCTIONS. 99 

Value of binomial definite integral. 
But by (324) 

• -77--;; Tv- 

Ans, -jr — = tf*. 
o . 5 

5. Find the valae of the definite integral flW{a + b x^) 

where c :=. n^ — ■=■• 
o 

Solution. The substitution of 

m = 0, n = 2, P =: i» 

in (393) gives by (404) 

6. Find the value of the definite integral /;. \/{a^ —^^)' 



Ans. 



4 • 

7. Find the value of the definite integral yj. x9\/(«* — »^)- 



ilns. ^ 



• 4 



8. Find the value of the definite integral /^. x^{a^ — x'). 

Ans, i a^. 
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Valae of binomial definite integral. 

9. Find the value of the definite integral yj. x^^/{a^ —%^), 

Ans. I . i a&. 

10. Find the value of the definite integral /•. (a^ — x^^ji, 

Ans, ^ 71 ««. 

11. Find the value of the definite integral /;. x^{a^ — za)^. 

Ans. i.^^a^. 

12. Find the value of the definite integral f;.x^{a^ — z^)^, 

Ans. f . i a^. 

13. Find the value of the definite integral J^. x{a^ — zz)^. 

Ans. I a7. 
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Integration of logarithmic functions* 

CHAPTER IV. 

INTEGRATION 01* LOGARITHMIC rUMCTIONS. 

48. Problem. To integrate 

f. X. (log. F. ar)« (408) 

Solution, First, When » is positive, the substitution of 

u = (log. F. xY, d,, v=zf.x, (409) 

in (262) gives for the integral of (408) 

i^. r. ,yf.f. .-./<iSi^^tilii£f (4.«, 

by which formula the exponent of the logarithm is di- 
minished by unity, and may be still farther reduced by 
the repeated application of the same formula. 

Secondly. When n is negative and differs from •— > 1, the 
substitution of 

.= (log.i...)^.,«=^-^il^. (411) 
in (262) gives for the integral of (408) 

{n + l)d^F.x n+lJ ^ ^ ' • d,.F.z ^ ' 

by which the exponent of the logarithm is increased by 
unity. 

9* 



Digitized by 



Google 



102 INTEGRAL CALCULUS. [b. T. CH. IV. 

Integration of logarithmic functions. 

Thirdfy. When n = — 1 (413) 

the only useful reduction occurs in the case of 

/. ^ = ^^^ = rf.. log. F. X (414) 

cL P. X 

in this case, since d^. log.* F.x=z ■= — = =— , (415) 

F X log. F,x^ ' 

the required integral is f. •= — - — '—= — = log.^ F. x, (416) 

Fourthly, The particular case of (414), gives also a dif- 
ferent solution of the general problem; for in this case the 
integral of (408) is 

/ (log. F. x)\d\ log. F. X = ^^^'f^^^\ (417) 

In other cases, the integration can only be advanced 
in the form of a series. 



49. Examples. 
1. Integrate x* (log. x)^. 

Solution, First, When m differs from — 1, in which case 
(410) gives 

aJ*+^ log. X x*+i 

"" m+1 (w+l)* 
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* Integration of logarithmic functions. 



SO that the required integral is 
m 



?^rD'°«-)"-;^^'>«-+oJrFTj^]- 



Secondly. When w = — 1 

(417) gives for the required integral 

i (log, X)3. 



2. Integrate z~ (log. x)^. 

Ans. When m differs from — 1, it is 

^' rno^ .. 3(log.x)2 3. 2. log, z 3.2.1 
^^iL^og-^^; «+l T"(« + l)2 (a, + l)a 

and when m z= — 1 

it is i (log. «)*. 



3. Integrate /. x. log. x. 

-4ns. When /. x differs from x""», it is 

log.x/,/.x_/M^ 

and when /*. x = - 

-^ X 

it is J (log. x)*. 

I. Integrate -^— s^ — i- when n differs from — 1. 
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Logarithmic definite iDtegnls. 

6. Integrate ^ — — 



(i-xy 



4n5. ^^-hlog.(l-x). 

6. Integrate — j . Ans. log.* x. 

^ X log. X * 

60. Problem. To find the value of the definite in- 
tegral 

/i. (-Jog. x)J (419) 

in which n is an integer greater than — 2. 
Solution. First. In this case, (406-410) give 

/. x=l, jP. x = x, ff.x — x; (420) 

/. (- log. x.)5 = X (- log, x)J + ^y: (- log. x)^-i (421) 

in which when x == 0, or =. 1, (422) 

the first term of the second member vanishes as in example 2 
of B. II. § 109, so that the required integral becomes 

|/J.(-log.x)^-'. (423) 

By this process, then, the exponent of (— log. x) is dimin- 
ished by unity ; and a continued repetition of it gives for the 
value of (419) 

i(i-')(i-«) ■- (i-»+>)y:'(-'»»-)H«4) 

ft 
in which A is an integer not greater than 5 H" ^* 
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Logarithmic definite integrals. 



Secondly. When n is even, let 

* = 4n (426) 

and (424) gives 

/i.(— log.a;)*=1.2.3 A. (426) 

Thirdly, When n is odd, and positive, let 

A = i n + i, (427) 

and (424) gives 

/J.(-log.x)'-*= (*-i)(*-J)...f .i/i.(-log.x)-4 (428) 
Fourthly. When n = — 1 

Jet -K:=/i.(-log.«)-4 (429) 

The substitution of 

% = ay^, (430) 

in which a is supposed less than unity, so that ( — log. a) is 
positive, gives 

— log. X = — y 2 log. a, d,,j,. x = 2ya^\ log. a ; <43 1) 

and when a; = 0, y = go , 

x=l, y = 0; (432) 

K = - 3/^ a''(- log.a)* (433) 

and K (— log. a)"* = — 2 /•^ a''. (434) 

But, by taking the integrals relatively to a, we have 

y \ (— log. afi =^ JiC, (435) 
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and, therefore, the integral of (434) with reference to a, is 
by (304) 

i:»=— 2 r*.^i-j = — 2 (Un.t-1] 0— taB.[-i]ao ) 

=—2(0 — in) = „. (437) 

or *:=/.. (-Iog.x)-*=/^-7^ = ^/.. (438) 

51. Corottary. The sabstitutioa of (438) in (428) gives 

/■.(■.,.i)'-t= ''°-°-:f *+■' >/.. 



52. CoroUmy. The substitution of 

x = ir+K or log.»=:(«-J-l)log.y, (440) 

I 

whence rf^.y. a? = (m + 1) y" (441) 

i 
in (426 and 439) gives ; by dividing, in one case, by (m-f-l )*+^i 

and, in the other, by (m + 1)*^^ 

/}./-(i°g.a-*- '-^-°--'"+'V .^ m\ 

2»(w4-l)*+* 

53. Problem. To integrate 

F.(ef').(f.x)''d..f.x. (444) 
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Exponentjfil integrals. 

Solution. Let y = c/*, (445) 

whence cf..y.x== (g/* J,./. a;)-i = (y rf, ./.«)- 1 (446) 

V log.y=/.x, (447) 

and the integral of (444) is, by § 19, 

1 /.(log.y)".:^, (448) 

*' which may be found by § 48. 

i^ 54. Corollary. When 

n = (449) 

!^^ (448) gives 

(i /. F. (e/-) . rf,./. X =/. l^. (450) 

55. Examples. 

(li 1. Integrate c«*V(l — 1«««). 

Ili In this case if 

,,|. f.x = a%, dj.x = a 

F.y=^y^{\-y2) 
(450) gives 

= iy\/(l-y^)+isin.[-«y 
i^ =i«-'v/(l--«'"')+isin.C-i]e«*. 

2. Integrate c««. u4?i5. -Je**. (451) 

3. Integrate ze«*. ilns. / -^W"*. 
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Potential integralB. 


4. Integrate a\ Ans, 


a* 

\l\t9 M 



5. Integrate Sin. (^ x -|- a). Am. \Qo&\k%^a). (452) 

6. Integrate Cos. (ftx+a). An$, |Sin.(JE;x-fa). (453) 

66. Problem. To integrate 

f. (Sin. Ic X, Cos. k x). (454) 

Solution. Let 

y =1 Sin. kXf or ifc z z= Sin.C-^] y ; (455) 

and by (127 and 143) 

Cos.Ax = V(l+y^), Arf,,.x= ^^^Yy2) ? (456) 
whence the integral of (454) is, by ^ 19, 

/.*/[y. \/(i+y»)].(i+y»r*, (457) 

which can be found by ^ 31. 

57. Examples. 

1. Integrate Sin."* iE; x . Cos. ^ x. 
Solution, In this case, (457) becomes 

3. Integrate Co8."Az. Sin. &z. iliw. -5 — ', ,, , . 

(m+l)* 

3. Integrate Tang, h x. Ans. i log. Cos. k %. (459) 
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Potential integrals. 

4. Integrate Cotan. kx. Ans. i log. Sin. kx. (460) 

5. Integrate Sec. ifcx. Ans^ i UnS"^^ Sin* k x. (461) 

6. Integrate CosecArx. Ans, i log. t J^\ ^~ -l. 

or, by (140), ^ log. Tan. J ifc x. (462) 

7. Integrate e^^Bin.kx. (463) 
Solution. Since by (121 and 122) 

Sin.A;x = i(c**— e-*«), 
Cos. ifcx = J (c**-f cr-**) ,• 
we have « « « Sin. A x = J (e(»+^ — e^*-*)*), 

•^ 2(«+^) 2(a— A) 

_ ,,/ a(^'-g-*^)-A(€*'+^n \ 
"" \ 2(a2_A2) ^ 

^'••(' '^'"•t'rtf"*' -). (*«, 

8. Integrate c^'Cos. Arx, 

^ ^ ^,/aCo3.kx — A: Sin. Ax V /^^^. 
^«A ^'^ -^^-_-^^ J. (465) 

9. Integrate «•' Sin. a x. ilns. i c^** — J x. (466) 

10. Integrate c'" Cos. ax. ilns. ie*** + Jx. (467) 

11. Integf ate ««fiin,*» Cos. k x. Ans. ^ c «sin. *« ^ ^468^ 

12. Integrate c«^"^*» Sfin. k x. Ans, i e« Cte. kx, ^459^ 

10 
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Potential integrals. 

68. CoroUary. The differential coefficienU of (451, 452, 
453, 458, 464, 465) with respect to a, k, or m, give 

f.xe"- =rf,..ie" 

f.,!'^'z=ai,.it"', (472) 

/*Coa.(Jfcx+a) = «/,.». iCo8.(ifcx+a) (473) 

= isin.(i« + fl)-lco6.(*x + a) 
/. %» Sin, (Ax+o) = dJi. i Cos. (t x + a) (474) 

/ j?*+-i Cos.(ifc X + fl) = «?.?+». i Cos. (i X + a), (475) 

/. x»" Sin. (A X + o) = dll. i Cos. (* X -f o), (476) 

/ jSH-i Sin.(i X + a) = «f.... «?.r*-i. t Cos. (* x + a) 

= «^,rl-i.iSin.(*x+a), (477) 

/. x«" Cos. (ifcx + o) = «?.J. i Sin. (ix + o), (478) 

_. , , Sin."H-» hx .^_„. 

/ Sin." ifc X . Cos. h x . log. Sin. i x = d..^ (g|-i.|)jfc (*'^' 

(1 \Sin."+iix 
'°8-S'°-**-;;r+l)(lHriT*' " 
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= (log.Cos.i. ^\^'^'*^ 

/x."Sin.*x=.rf....(*...«!1^3*Co^) (481) 

_ /, 2a \^. aSin.ifc«-*Cos.A* , «"Sin.Jfe« ,^^, 

/x-e~Sin.*,».d?...(e...if!lL^=^^). (483) 

69. Corollary. Equations (121 and 123) give 

x" e«* Sin. a z = J x" ««-'— J a*, (484) 

X" c-'Oos. ax = J X- e»- +ix" ; (486) 

80 that by (472) 

/x-^-Sin.ax=Jd?.,.lc»--^.^xH^^ (486) 

= 2ir^..-^/"-27;i^^ 

/x-e"C08.ax==Jrf,.^.1.2a.^_i_^^H-i (487) 



Digitized by VjOOQIC 



112 i^ri&QUAh QALcvhVji. [b. t. ch, it. 

EzponexUial jlefimiLe integrals. 

60. Coroilflry, When 

n=:l 

(486 and 487} become 

/a;e«»Sin.aa; = i.d',.„.ic2"— i«a (488) 

/a:e«*Cos.axc=id,^.i«9«* + ix« (489) 

61. Problem. To find the value of the definite inte- 
gral 

/•.«•«-««», (490) 

in which a is positive and n is zero or a positive in- 
teger. 

Solution. Let 

r^=y, e^z^^y, (491) 

«a =2 — log. y 1= log. i , (492) 

2a;<,.^-— i rf^^.xrr— — ; (493) 

80 that when xz=zO, y = 1» (494) 

a; = QD, y=:0. (495) 

The value of (490) is, by § 19, 

i/i.Oog.^)^y-^ (496) 
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Exponential definite integrals. 
Hence, bj (442 and 443), when n is odd, 

and when n is even * 

/» ^ "-«3? 1.3.6 (n + 1) ,7r /JAQ\ 

S . af e = j^^ — !— i \/— . (498) 

3(2 0)*** ** 

. 62. Corollary. When 

n = 0, a r= 1, 
(498) gives 

/S-e-'^^^JV". (499) 

63. Corollary^ By reversing the sign of x (497-499) give, 
when n is odd, 

when n is even 

/.... ^.--'^l:Mi:.ii(!L±i) v" (501) 

2(3a)*" * 



/_o..«-'=Jv^". (508) 

64. Corollary. The sums of (497 and 500), of (498 and 
501), of (499 and 502), give, when n is odd, 

A.«"«-*^=0, (603) 

10* 
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when n is even, 

A.x>e-'"^=. ^- . ^-^-"^" + ^V ^> (504) 

(20)* ° 

/_-..«-*' = V». (505) 

^ Corollary. The subatitation of 



for X in (604) gives by § 18, when n = 0, 



(507) 



-H- 



which, multiplied by e *« , gives 



6« 



66. Corollary. The differential coefficienU of (508), with 
reference to a and 6, are 

/_-.x«-(««'+**+«)=— i- e^~ V-r- (^*®) 

67. Examples. 
1. Find the value of the definite integral 
/""L.aje-C'^ + ^^Sin.Afx. 

Ans. ^e*- V-. 
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Potontial definite intogrmlf. 

2. Find the value of the definite integral 

/!i..x€r-<«*'+«)Co8. A;x. Ans. 0. 

3. Find the value of the definite integral 

/.•,.(j»«a + ii)«-(««^ + »)Sin. i«. -All*. 0. 

4. Find the value of the definite integral 

/?.. (m a;2 -I- n) e-(« «»+ •) Cos. i X. 

5. Find the value of the definite integral 

in which a is positive. An$, i* (dl) 

6. Find the value of the definite integral 

in which a is positive^ 
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Trigonometric integrals. 



CHAPTER V. 

INTEGRATION OF CIRCULAR rUNCTIONS. 

68. Problem. To integrate 

/. (sin.lz, coB.kx). (513) 

Solution. The substitution of 

x = yV-l, d,„.x=z^/-h (514) 

gives by (121 and 122) 

sin. Jk X = \/— 1 . Sin. A; y, (515) 

co8.ika;=: Co8.iy; ^ (516) 

and the integral of (513) is 

y:^_l./.(V_l. Sin.Ay, Cos.ty), (517) 
which may be foimd by § 56. 

69. Examples. 
1. Integrate sin."* I x. cos. A; x. 
Solution. In this case (517) becomes 

(_ 1)* (•+•*> Sin," * y . Co% * y ; 
whence ly (468, 121, 12S, and 514) 
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Tnjf oifeoiiMtric iatefnJt. 











— \ -/ 


(«.+ !)* 












8in« + iia; 








(m + l)*- 




2. 


Integrate 


COB. 


ria 


e . sin. i x. 

. cos, 

Am, -r— 


+ 1JA- 




3. 


Integrate 


sin. 


(t« 


+ «). 














4l«. — 1 COS. (l X -f 


«) 



(618) 



(619) 



4. Integrate eoi. (A; x -j- <>)• 

iliM. ^ sin. (Is 4- a). (6S1) 

6. Iniegrale teag. h %. Ans. «- i log. cob. k x. (622) 

6. Integrate cot. Jcx, Ans, {log. Bin. kt* 



7. Integrate sec. 1;b. Ans. Alog« |_'' i.^ * (***) 

8. Integrate cosec. i z. Ans* i log. tang. ^ JEr z. (626) 

9. Integrate «"8in. kx. (626) 
SQlutian. The dubstitution of (614) in (626), givee by (464), 

/ e^'ain, t«»=~/««»^-i Sin. *y 

^_i fl\/— 1 Sin. A: y— A Cob, k y 

-(a^ + k^) 

_ aAn.kx^kcw.kx 
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Trigonometric definite integrals. 

10. Integrate e^'coe. Arx. 

11. Integrate ««•««.*« cos. k x. Ans. & e««*»- *«. (529) 

12. Integrate «!•«*•** sin. i«. Ans. — iie««***. (530) 

70. Corollary. The differential coefficients of (518 - 52] , 
527, 528), with reference to m, k, and a, gire 

/ sin."* kx. COS. kx, log. sin. ifc x 

(If 1 Vsin.^H-iftie ,_,^ 

log..in.Ax_jj^^)^_j-3p, (531) 

/ cos."*lx. sin. JErx. log. cos. it; x 

/xcos. (ix4-a)=— d',.*.icos.(ix4-a) (533) 



1 x 

=:pCOS.(A:x + a) + -sin.(A:x + a), 

(^l)-/.«'"Bin. (Jfcx + a)=— di;,.ico8.{kx + a), (534) 

(—1)-/ x«»+icos.(A;x+a) =— dJ.tfi.}cos. (Ax + a),. (535) 

(— l)-/x«" COS. (A: X + a) = d?.;. | sin. (Arx -f- a), (536) 

(— l)-/x»»H-isin.(ikx+a) =—€?.;+». i sin. (jfex + a); (537) 

^ .. . - , ^.asin.ix — iS;cos. Ax 
/xe«'sin. k X = rf,... e-' ^T+lfa 

../ 2 a Vasin.Ax-iS:cos.Ax , ^••sin. itx ,^^^^ 

Digitized by VjOOQIC 



^ 72.] CIRCULAB FUNCTIONS. 119 

Trigonometric definite integrals. 

y:^«-sin.*x=dJ...*..i™L^f^*S??^*. (639) 

/a.^co.tx=^...e" '"^'*: + *r*^ C540) 

71. Problem. Find the value of the definite integral 

/_•.. (m xa -f- n) r-«** + • cos. k x. (641 ) 

Solution. The substitution of i;>/ — 1 for k in example 4 
of § 67, gives for the value of (541) 

72. Examples. 

1. Find the value of the definite integral 

/.•.ajr-(««'+«)sin. fta;. 

Ans. _^r^'""V^. (543) 

2. Find the values of the definite integrals 

/!i,.xe-<«a^+«)cos. itx, 
and yiV (m x* ^ „) e-(«««+0 sin. k x. 

Ans. 0. (544) 

3. Find the value of the definite integral 

/• e— «sin.*x, (546) 

in which a is positive. 
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Trigonometrie definite integrale. 

SobiHon. Eqnalion (527) gif es^ for the Talue of this integral, 
k 



4. Find the value of the definite integral 



(546) 



/J.e-^»cos.i». Ans. jrqTp- (*^) 

73. Problem. Find the value of the definite integral 
yO^«+i)/r^ an.-«. cos-i^*, (548) 

in which m, n, and p are positive integers. 
Solution. The substitution in (548) of 

sin. xzizy, a; 8=5 sin.C-*] y ; (549) 

whence cos. 2= (I— y»)*, rf,.y. x = (1— ya)"*; (550) 

and when z =: 0, y =: 0, (^1) 

x = (2« + J);., y:=l; (552) 
gives for the value of (548) 

/i-r(l-y«)**-^^ (563) 

which may be found by ^ 44. 

74. Examples. 
1. Find the value of the definite integrals 

. Sin.* X 



when in is an integer. 
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Trigonometric definite integrals. 

Ans. When m is odd, it is ' * 1' * ■ — - (554) 

3. t> m ^ ' 

when m is even, it is ' "" ' (2 « -j" J) ^* (555) 

2. Find the value of the definite integral 

/ • Sin. X . COS. X. (556) 

Ans, 1. 

3. Find the value of (54S), when m and p are both even. 

4. Find the value of (548), when m is even and p odd. 

1.3 5...(«-l)X 2.4.6 ...(p-l) 
"""^ 1.3.5.T::T7(»i + p) ' 

°' («+ 1) (« + 3)....(».+p)- ^^^ 

5. Find the value of (548) when m is odd, and p even. 

2.4 6....(m-l)Xl.3.5....(p-l) 
• 1.3.5 («+/') ' 

2.4.6 (w — I) ,„Qx 

"' (i'+l)(i' + 3).. .(-+!')• ^^^^ 

6. Find the value of (548), when m and p are both odd. 
^«. ^-4.6 (.0X2.46. (pi) 

2.4.6 (m + jp) ' 

or the same with the second answers in (55S and 559). 
11 
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Trigonometric definite integrals. 

75. Problem. To find the value of the definite inte- 
gral 

/ . 6in."»x cos/x, 

in which my n, and p are positive integers. 

Solution. The reduction may be made in this case, precise- 
ly as in ^ 73, it being observed that when 

x = 0, or = 2 It 71, y = 0. (561) 

By this means, the integral, when either m or p is odd, is 
zero ; but, when m and p are both even, it is 

135 (.-1)Xl.35-|p--1)^^^ 



76. Examples. \ 

1. Find the values of the definite integrals 

r2n7 






sin." X 





COS."* X 



when m is even. 



. 1.3.5....(i»— 1)^ 
2.4.6. ... m 



(563) 



4. Find the value of the definite integral 
/ . sin. h X . COS. k x, 
when h and k are integers. Ans, 0. (^>^) 
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Trigonometric definite integrals. 

3. Find the values of the de&nite integrals 
/ . cos. h X . COS. k X, 

f ^. sin. A X. sin. k 2;, 
when h and h are integers. 

Ans. It is zero, unless h ^k, 

in which case, it is n n, (565) 
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Length of the arc of a curve. 



CHAPTER TI. 



RECTIFICATION OF CURVES. 



77. Problem. To find the length of an arc of a 
given curve. 

Solution, If 5 denotes the required arc, its length is readily 
found by ascertaining the value of its differential coefficient, 
and integrating it. 

Thus if we adopt the notation recently introduced by some 
of the most eminent mathematicians, and denote the differen- 
tial coefficient by the capital letter D, and denote by a small 
letter annexed to D or /, the corresponding independent vari- 
able, we have by (570-582 of vol. 1), 

5=/.2>5=:/,V[» + (^xy^)=/x-sec.T = /y.cosec.T 

=zfr . sec. « =f(p,r cosec. •. (566) 

76. Corollary. The arbitrary constant, which is to be 
added to complete each of these integrals, corresponds to the 
indeterminateness of the point at which the measured arc 
may commence. The condition, by which this point may be 
determined, will be sufficient to determine the value of the 
arbitrary constant ; or to eliminate it and reduce the result to 
the form of a definite integral. Thus, if the length ,of the 



Digitized by 



Google 



^ 78.] RECTII'ICATION OF CURYES. 125 

Arc of hyperbola and cycloid. 

arc is required, which extends from the valae of Xq to that of 
2 J, it is evidently represented by the definite integral 



=Jll !>,. (567) 



78. Examples. 

1. Find the length of the arc of the curve of which the 
equation is 

Solution. In this case, we have 

Ds = J(e» + c-«) 
s =l{e^ — e-% 
in which the length of the curve vanishes with a; = 0. 

% Find the length of the arc of the parabola whose equa- 
tion is y2 — : 2 J? X, 
counted from the vertex. (568) 

Ans, J V(2px+4x2)+ Jp log.[^V(l+?^\ +vi-'^J 

3. Find the length of the cycloid from equations (130, 131, 
of vol. 1), the arc being supposed to commence with x, 

Ans. 4 U (1 — COS. J d) = 8 U sin.^ J d, (569) 
and the whole length of a branch is 8 R, corresponding to 

fl = 2 ^. (570) 

11» 



Digitized by 



Google 



126 nrrEOKAL calculus. [b. y. ch. vl 

Arc of hyperbolic and logarithmic spiral. 

4. Find the length of the hyperbolic spiral, the arc being 
supposed to commence with y -= ^q. (^71) 

5. Find the length of the logarithmic spiral, the arc being 
supposed to commence with r, 

Ans. rsec.. = rV(l + |3^). (572) 

The elliptic and hyperbolic arcs possess some peculiar prop- 
erties, which deserve particular investigation. 

79. Theorem* The two tangents, which are drawn 
from a given point to a given ellipse or hyperbola, make 
equal angles with the two lines which are drawn from 
the same point to the two foci. 

Thus the two tangents P T and P T' (figs. 1,2,3), make 
equal angles with the lines P/^and PP' drawn to the foci; 
that is, the angles PP T and P' P T' are equal. 

Proof Each of the two tangents P T and P T' is, by ex- 
amples 2 and 3 of § 131 of vol. 1, equally inclined to the 
lines drawn from the foci P T and P' T, or P' T and FT\ 
so that the angles 

F Tt = F'TP, and F T' P = F' T^ t'. 

If then the triangles P TP and P' T' P are turned over, 
around the sides T P and T' P, which remain stationary, so 
as to fall into the positions TP8 and T' P 8\ the points 
8 and 8' will be in the lines T F' and T' F produced if neces- 
sary. The triangles P 8F' and P8'F are, then, equal; 
for the sides P 8 = P F, 

PF' = P8'; 
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Elliptic and hyperbolic arcs. 

and the side F' S = FS\ because each of these two lines 
is equal to the transverse axis, since in (fig. 1) each is the sum 
of the two lines F T^and F' T, or of the two F T' and F'T'\ 
while in (figs. 2 and 3) each is the difference of the same two 
lines. The angles iS^P F' and FP S' hre consequently equal. 
If the angle FP F' is subtracted from each of these angles 
(fig. 1), or added to each of them (fig. 2), or diminished by 
each of them (fig. 3) ; the resulting angles 8P F^n^S' P F' 
(figs. 1 and 3), or the excess of 360° over 8 P F ^iudi 8' P F' 
(fig. 2) are equal. Hence FP T and F' P T', which are 
the halves of 8 P F and 8' P F', are equal. 

80. Corollary » If an ellipse (fig. 1) or an hyperbola (figs. 
2, and 3) be drawn with the points F and F' for foci, and 
passing through the point P, the tangent to this new curve at 
the point P will be equally inclined to the two lines PPand 
PF'; and, therefore, it will also be equally inclined to the 
two tangents TP and T'P. 

81. Theorem. If from any point of the ellipse PP' 
(fig, 1), or of the hyperbola P P' (fig. 2), which has 
the points F P ' for its foc% tangents are drawn to the 
ellipse T T^ or hyperbola T T' which has the samefoci^ 
the sum, of the tangents P T and P T' exceeds the in- 
cluded arc T T^ by a constant quantity ; that is, by a 
quantity which is the same, from whatever point of the 
first ellipse or hyperbola the tangents be drawn. 

Proof. Let tangents p t", p t' be drawn from a second 

point j9 infinitely near P. The tangent pt" exceeds P T by 

the projection of Pp upon P T diminished by the arc Tt'\ 

or 

p ^" = P r 4- P P cos. TP8^ TV'. 
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Elliptic and hyperbolic arcs. 

In the same way, 

pf=PT' — PP' COS. T'P8'+T' f, 
^PT' — PP' COS. TPS+T^f-, 
1V11611C6 

pt''+pr=zPT + p r' + (rw'— Tt"). 

But t"t'= TT' + {T^f — Tt") I 

and^ therefore, 

(pt"-\^pt') — t"t'=(PT+PT*)—TT'. 

The excess of the sum of the tangents over the included 
arc does not, then, increase by moving the point P a small 
distance upon the curve, in which it is situated ; and conse- 
quently this excess must be a constant quantity. 

82. Corollary. Had an hyperbola P Q (fig. 1), or an 
ellipse P Q (fig. 2), been drawn, with the foci /^ and /^', it 
might easily have been shown in the same way, that the excess 
of the difference of the tangents P T and P T' over the dif- 
ference of the arcs Q T and Q T' was constant. But as the 
point P, in moving along the curve P Q, approaches Q, the 
tangents and arcs decrease, and finally vanish when P coin- 
cides with Q. At the point Q, therefore, the excess of the 
difference of the tangents over the difference of the arcs is 
nothing, and therefore this excess is nothing for every point of 
tlie curve P Q. 

Hence, if from any point P of the hyperbola P Q 
(fig. I) J or of the ellipse P Q (fig. 2), which has the 
points P and F^ for its foci^ tangents are drawn to 
the ellipse TT' (fig. 1), or to the hyperbola T T' 
(fig. 2), which has the same fod^ the difference of the 
tangents P T and P T' is equal to the difference of the 
arcs qTand q T'. 
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Elliptic arc. 



83. Coronary. If the excess of the sam of the tangents 
JP 2* and P 7" over the are TT'u denoted by 2 E, the tvo 
preceding theorems give 

PT + PT'=QT-{-QT' + 2E 
PT' — PT= QT'—QTi 



whence 



PT'=QT'-\-E 
PT= QT^E. 



(678) 



84. Corollary. Upon the transverse axis A A' (fig. 4) of the 
ellipse, describe the semicircumference .^£ J[i'.,il', draw the 
ordinates LTManA L' T' M', and join O L, O L', O being 
the common centre of the ellipse and circle. Let, if OB ia 
the semiconjugate axis. 



y = jL OB, 

A=:>OA , 

x=bOM , 

y = MT , 

x = ML , 
s = BT 



Bz^OB, 
xf = OM', 

y' = M' T', 

s' = B T\ 



y (674) 



. = 1-^,. 

we have, by section 163 of vol. 1, and by the triangles LOB, 
UOB, 

(676.) 



xzziA sin. 9> 



x' =1 A' sin. 9', 



y=^ .z = ?. A COS. 9=5 COS. 9, y=B cos. 9' ; (676) 
A A 
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Elliptic integral of the second order. 

and,' by differentiation, letting 9 be the independent variable, 
i> X = w4 COS. y, Dy z= B sin. y. (577) 

Ds^=: A^ COS.2 9 -f 52 sin.2 <p 

= i42 4-(J52_i42)sin.2y 

= il2(l— c3 8in.2v), (578) 

Ds=A^{l—e^ sin.2 y) ; (579) 

s = / w4 V ( 1 — c^ sin.s 9), (580) 

This integral is one of a class which are called elliptic intc 
grab. There are three integrals in this class, and the present 
one is said to be of the second order. The following notation 
has been universally adopted. 

^ (e 9) = V (1 — «^ s»n-^ V>) (581) 

or the J may be used without the e 9, when there is no danger 
of confusion, 

®' E.{ev)=J^ ^ (e^p), (583) 

Hence s = A E . ^. (584) 

85. Corollary. Let the two tangents L R and L' R, drawn 
to the circle at the points L and L', meet at R. By reducing 
all the ordinates of the circle in the ratio of £ to ^4, the circle 
is changed into the ellipse. . By the same system of reduction, 
the lines R L and R IJ will be changed into other straight 
lines P T and P T'^ and these will be tangent to the ellipse, 
because the points T and T' are the only ones whose ordinates 
will be as small as the corresponding ordinates of the ellipse. 
By joining OiS, the right triangles ORL^ ORL', and 
OiCiVgive 
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'e. nn——9lL ^ /««x 

.;) • ^"~ COS. LOR- coa.i {9— v') ' ^ ' 

ON= OB C03..R QiV= ^ ""-^ . ^^ + #, (686) 

COS. J (v — 9') ' ' 

RN^ORsin.RON=±S2Lpi+p, 

COS. J (9 — v) 

PN=?.RN=?^i^±^. (687) 

-A COS. J (y — y') ^ ' 

n/^ rp^Q condition that the point P is upon an ellipse or an 

'^'^ hyperbola, as in fig. i, of which the semiaxes are A' and jB, 
^'^^ gives, by putting 

'HtY' -'=(!)•• <»«) 

gef where the upper sign corresponds to the ellipse and the lower 
to the hyperbola, the equation 

n] a 8in.» i (<P + vO , b cos.g j (<P + 9' )^ . .^^. 

C0S.2 i (9 — y) "^ C0S.2 i (y — y') ' ^ ^ 

'^) or 
ij a sin.2 1 (y + y')+6 cos.^ J (<fe4-y')=cos.2 j (y_y'), (690) 

and 

a — a COS. (y+y')-|-6-|-6 COS. {(P'\-<p*)=zl'['C03. (y — y'), (691) 
a'\-b — 1 = (a — b) cos. (y + v') + cos. (y — y') 

=(a-6-|-l) COS. y cos, y'+(6-a4-l) sin. V sin. y', (692) 

If the point P were taken so that T' coincided with B, 
t^ would be zero, and if the corresponding value of y is de- 
noted by y^ , (692) gives 

a+6 — l=:(a — 6 + 1) cos. yo ; (693) 
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Elliptic integral of the second order, 
which, substituted in (592), divided by a ** ( -|- 1» gives 

COS. Vq = COS. y cos. <p' + ^ T ■ ^in. 9 sin. 9'. (594) 

a — 6 -f- 1 ^ ' 

But the condition that the given ellipse has the same foci 
with the curve in which P is situated, gives 

A^—B^ =zA^^zpB'^z=——^, (595) 



-a-')=-'G-')' 



(596) 



42— a (1—6) ~a(l—b) 
But, by (593), 

_ 4 (g — 6) 



sin.' 



'' «'»•' '^o = (^^ry+ip • 



^*o-(«_6+i)« ' ^n-=*=5=6+r' <^^®) 

which, substituted in (594), gives 

COS. 90= cos. 9 COS. 9' ± sin. 9 sin. tp^ J . (p^. (599) 

ilwrf this equation of condition is the same^ with the con- 
dition that the point P of fig, 1 is upon an ellipse or 
hyperbola having the same foci with the given ellipse^ 
the upper sign of (699) corresponding to the ellipse^ 
and the lower to the hyperbola, 

86. Corollary. If a spherical triangle (fig. 5) be drawn, of 
which the sides are 9, 9' and 9o , and the opposite angles 
^$ ^'» ^0 > ^^ ^^^^ ^y (^^) ^^ Spherical Trigonometry, 



Digitized by 



Google 



^ 87^] , . RBCTtVlCATiON OF CURVES. 188 
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COS. «,„ COS. «, COS. «' 

COS. Ao = ^^ .-^ — ^ ; 

Sin. y Sin. <p' 


(600) 


whence by (599), 

COS. do = db ^ Vo . 


(601) 


Hence 


. 


C0S.2 d^ = 1 _ e* sin.' y© > 


(602) 


csin. q>o=V (1— C0S.2 ^J = sin. e^, ; 


(603) 


and therefore 




sin. 6q sin. e sin. fl' 


(604) 



tp^ sin. (p sin. y' 
This equation gives 
^9=zV(l— c2 sin.2 9') = \/(l— sin.2 d)= zpcos. 6, (606) 
^9'=\/(l— c2 sin.2 ip')z=i \/(l— sin-* ^')= cos. ^'. (606) 

The upper signs in (601 ) and (605) correspond to 
the case in which the curve is an elJipse, and the 
lower to the case in which it is an hyperbola. The 
signs in (605 and 606) are derived from the consid- r (w7) 
eration that when <p' is zero, <fi is equal to <Pq ; but 
when 9 is zero, we have, by using the signs as be- 
fore, 

y' ± Vo = ^- (606) 

87, Corollary, If we make {^g, 4) 

* = p r, f = p T', \ 

yj = the inclination of P T to the axis A A' i (609) 
rp' = the inclination of P T' to il A\ ) 

The inclination of Z U to ^ ^' is 9, and that of Z.' R is 9' ,' 
hence 
MN =LRcoa.(p = A cos. 9 tan. J (9 — v') ^ ,^-^. 
M' N = L'R COS. 9' = ^ cos. y' tan. i (y — <p') > ^ ^ 
12 
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Elliptic integral of the eecond'order. 

MN . , , - ■ V COS. a ^^,-» 

# = -:?^ «^ tan. *(»-»') •^'- (612) 

COB. ^' M \ i ^^^ ^ ^ / 



Bat the construction of TP gives 

B 

~ tan. Iff tan. y — . 



tan. ^ = -2 ^*°- y» ^*°- V^ = "3 **"• *' » (^1^) 



whence 

=^/(l+tan.2 9— c^tan.a q>)=4^{sec,^ 9—e^ tan.2 ^ 
=sec. 9 V (1— «* »in-2 V) = sec. 9 ^ . y, (614) 
= ^ sec. 9 COS. A» 

In the same way, 

— = ^^' __cos^ 

COS. V' COS. 9' COS. y' ' ^ ' 

which, substituted in (611 and 612), give 
t =A tan. i (9—90 -^ 9 = =F ^ tan. J (9—9') cos. ^ (616) 
f=zA tan. i (9—9') ^ 9'= ^ tan. ^ (9—9') cos. 6'. (617) 

88. CoroUary, When 9' is zero, (616 and 617) become 

^0 = =t: tan. ^ 9o cos. «^ (618) 

*J = il tan. i 9o- (619) 

^ 89. Corollary, If the semicircle il IS ii' with its tangents 
RLox R L' were turned round A A' as an axis, so as to be 
brought above the plane of the ellipse, until the angle which 
the two planes made with each other were one, whose cosine 
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was equal to the quotient of B divided by A^ the ellipse and 
its tangents would evidently be the projections of the circle 
and its tangents. The angles which t and t' made with the 
tangents to the circle of which they were the projections, 
would evidently from (616 and 617) be ^^and ^. A consid- 
eration of the spherical right triangles formed at the points of 
meeting jS^ and jS^' of the tangents, would lead anew to the 
same equations which we have already obtained. 

90. Corollary, The equations (616 and 617) give, by using 
the signs as in (607), 

J t' db t=iA tan. ^ (g>— 9') (cos. d' — cos. d) 

1 =2 A tan. i (9)— 9') sin. J (d'-|.d) sin. J (d— a'). (620) 

But by (350) of Trigonometry, and fig. is, 
sin. i (d'+fl) : sin. ^ (fl— d<)z=:tan. J g>o • ^an. J (9— 90» (621) 
or sin. ^ (d'+<J) tan. ^ (9— 9')=sin. J (^— d') tan. J 9^ ; (622) 

which, substituted in (620), gives 
,1 ^ db * = 2 il tan. J 9^ sin.a J (d— d') 

= A tan, i 9o [I— cos. («— ^0]- (623) 

In the same way, 

i| *o' db ^ = il tan. i 9o (1 + ©os- ^)- (624) 

9 Hence 

K-r^ (t^-t) = A tan. J 9o [cos. (d-fl') + cos. d J. (626) ' 

15 

\ii But by (319) of Trigonometry, 

^ cos. ^^ = — cos. (d — d') -f. 2 sin. d sin. d* cos.« } 9^ , 
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Sum of elliptic integrals of the.«ecoiid order. 

which, Bubstitated in (635), gives by means of (604), 

tQ-^t'±{tQ—t) = 2 il tan. J 9^, cos.2 J 9^ sin. 6 sin. &' 
= A sin. <Pq sin. $ sin. ^' 
nzA e^ sin. 9^ sin. 9 sin. 9^. (627) 

91. Corollary. If Tq (fig. 1) is the point for which 9 be- 
comes 9q, we have 

AEq> =z TB = s, 
AE<f^ z=z T'B=s' 

A E <PqZ=z Tq B=z So 
AE<p^= QBzns^. 

When the point P at which the tangents meet are situated 
upon the secondary ellipse, we have 

rr' = 5 — s'; (629) 

and because the excess of the sum of the tangents over the 
included arc is constant, 

t+t'— {s — s') = ^0 + ^0 — K J 
or 5, - s + 5' = <, + t^-(t^f). (630) 

Hence, by (627 and 628), 

JB9Q + JE9' — E(p = i^ sin. 9o sin. 9' sin. <P, (631) 
in which 9^, 9' and 9 are subject to the condition (599), 
identical with one of the following conditions, easily deduced 
from the spherical triangle of fig. 5, by means of (605) and 
(606) ; 

cos. 9 z= COS. 9j, cos. 9' — sin. 9^ sin. 9' j 9, (632) 

COS. 9' = cos. 9q cos. 9 -|- sin. 9^ sin. 9 j 9'. (633) 
But if the point P is situated upon the hyperbola, we have 
QT=zs-s,, QT'=s,^s, QTq:=Sq-s,^ (634) 
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and because the excess of the difference of the tangents OTcr 
the difference of the arcs counted from Q is constant, 

s + s' — s, = t'o — t, — t'+t. (836) 

Hence, by, (627 and 628), 

E(p'\' E tp* — E9o=:i^ sin. g, sin. tp' sin. % , (636) 

in which 9, tff and 90 &re subject to the condition (599), which 
is identical with (633), or with the following condition ; 

cos. 9 = cos. % COS. 9' + sin. y' J y. (637) 

' 92. Corollary. The proposition contained in (636) is, evi- 
dently, the same with that of (631). It follows, therefore, that 
the point of meeting of the tangents drawn at the extremities 
of the arc Sq — 5 of (635) is upon an ellipse, which passes 
through the point of meeting of the tangents drawn to the 
extremities of the arc s', and which has the same foci with the 
given ellipse ; the same may be inferred with regard to the 
tangents drawn through the extremities of the arcs Sq — 5* and 
5 of (635). It follows, in the same way, that the point of 
meeting of the tangents drawn at the extremities of the arc 
5o — ^ of (630), is upon the hyperbola which passes through 
the point of meeting of the tangents drawn at the extremities 
of the arc 5, and which has the same foci with the givetf 
ellipse. 

93. Corollary. When the points T and T' coincide at the 
point Q, (636) gives 

2 JE 9>, = c2 sin.2 yj sin. 9^ + E 9q. (638) 

94. Corollary. The supplements of the angles n — d, n — d', 
n — ^0 of the triangle of fig. 5, may be the sides of a spherical 

12* 
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Uiuigle^ of which, n — 9, n^^f^ tt^^^o are the oppoeite 

angles. In this case, since 

sin. {n — d) = sin. ^ and cos. (^ — ^) = — cos. 6, &c. (639) 

and 

1 ^ t}^ = ^'"' ^' == ^'^"' y° . (640) 

e sin. d sin. ^ sin. ^0 ' • 

we havd, by putting 

<d = ^.(i.a)=v(l-lsin.2^). (641) 

E\B=f'^J'.6; (642) 

£/. d + JB'. fl' — U'. flo = -^ sin. a sin. d' sin. a" 

= e sin. 9 sin. 9' sin. y'. (643) 
But since the differentiation of 

e sin. 9 = sin. ^ 

«'"^ Z>» . = ''^^•'^ = i^^^ , (645) 

^ cos. ^ J . fp ' 

we have r'/ ^ — /*^ ^/ ^ __ /•^ ^^a 

^ '^=J 0^- ^ =J „.COS. y 

__ ry e C0S.2 IP 

We have also, by (581), 

cos.2y=l_sin.2 y = l— 2.+^ (^y)2, (647) 

which, substituted in (646), gives 
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Similar equations may be found for E^ d'-and JS' d^, all of 
which, substituted in (643), give 

+ - (JS . 9+£ . y' — E . yo)=« sin. 9 sin. y' sin. y" ; (649) 
whence, by (636), 

95. Corollary. The integral 

/«' j^ <*» 

is the elliptic integral of the first kind^ and is denoted 
by jF . 9, that is, 

^ ■ ' =/i tH •" -^ <• • »' =/." --pf)- "»'> 

Hence, by (650), 

i^. V + P. (p' — iP. 9>o = 0, (653) 

where 9>, 9' and 9o are subjected to the same conditions as 
in (636). 

96. Corollary, In the same way in which 9 is connected 
with 9' by means of the construction of fig. 1, in which P is 
upon the ellipse, giving by (653 and 631) the equation 

J'.9=:1^.9' + i^.90, (654) 

other points, 9", 9'", &;C. might be found, such that 
Ftp' ^F.q>" -{-F.ip^ 
F, (p" = JP. 9)'" + P. ^0 , ^c ; (655) 
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Elliptic integral of first order. 

whence F.<p = P9" +2 P.^o 

= JP.()P„ + nJP.9o; (656) 

or JP. 9 T ^y« = « (^- y — ^^')' (^7) 

97. Corollary, If in equation (656) 9>„ vanishes, (656) be- 
comes F.q> = n . F<Pq, (618) 

and it is obviously easy to obtain a geometrical construction of 
the corresponding condition between q> and (p^ , by taking 
several successive tangents, BTP, PT'P', &;C. as in (fig. 5), 
and the points P, P', P", &c., correspond to ^, 9', 9", &c. 
The tangent^s might also be drawn to the circle, from the suc- 
cessive points P, P', P", &c., of the ellipse, of which the 

semiaxes are A' and :^?.» A similar construction, in which 
B 

the series of tangents does not commence with P, would sat- 
isfy the conditions of (656 and 657.) 

98. Corollary, The value of (p for the arc B T (fig. 4) is 
equal to the angle which the corresponding tangent L S to 
the circle makes with the transverse axis A A'. Denote 
by j^ the angle which the tangent S T io the ellipse makes 
with the conjugate axis, so that 

^ = J TT _ v/. (659) 

When the plane of the circle is elevated above that of the 
ellipse, the spherical right triangle formed about S for the 
centre of the sphere, has q> for its hypothenuse, and ^ and r for 
its legs. It is represented by (fig. 6), and if a is the angle 
opposite to B^ and v the angle opposite to t, we have 
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Complete integral. Complementary functions. 

JO 

COS. a = •- = //{I C^) = COS. Q SIQ. v = COt. (p COt. V (660) 

sin, a = c, (661) 

COS. %p •=. sId. (p sin. s (662) 

COS. ^ r= sin. « sin. v> s=s e sin. 7/;. ^ (663) 

These equations give by the differentiation of (660), by 
representing by F^ the value of F corresponding to a right 
angle, and observing that when q> is zero, t is also zero, and 
\p a right angle ; but that when <p is a right angle, r is also a 
right angle, and V is zero, 

(V ,. COS. ft t^^M'K 

c . 9) = COS. d = - — , (664) 

' sin. y ^ ' 

COS. « sin.2 (f 
Dyp . qj sin. r sin.s <)p sin. 9 ^ 1 



j(e,q>) COS 2 v COS. V sin. 

1 1 1 



^(l_cos.2 ^) \/(l-e2 sin-V) .<(c . V) 



(666) 



F.q>= f^ — = — r^" ^^'^ 

t/ o^(«-y) •/ V' ^(«-<J^) 

/J TT . 1 ^ y^4 TT 1 ^ /•Xp 1 

V ^(«-v)~^ ^(«'V) t/ O ^(C'V) 

= F,— P(e.V); (667) 

SO that Ftp and -FV' are two functions whose sum is 
the function Fi which is called the complete integral^ 
and the two functions are called complementary with 
xegard to each other, as well as the angles ® and V, upon 
which they depend. 
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Transformatioa of elliptic integrals. 

99. Corollary. The three angles V', ^ and ^^ , which 
correspond to % f^ and <p^ , satisfy the equation, equiva* 
lent to (653), 

F.^ + F,rf,' — F,^^^0, (668) 

when they are subject to the condition, equivalent to (599), 
COS. Vo =cos. V COS. v' — sin. v sin. V ^V© . 



100. Corollary, Denote by 2 r the angle, which F T 
(fig. 1) makes with the transverse axis. The angle, which 
F T makes with the tangent, is 

Jtt + V' — 2;r = J^ — (2 r — V). (670) 

The projection of F T upon the tangent is, therefore, 

PTXsin. {2;,-v), (671) 

while that of F^ T upon the same tangent is 

J^rxsin. (2;^ — V'); (672) 

the sum of which is 

{FT-^F' T) sin. (2 ;r — V') = 2 a sin. (2 x — V'). (673) 

But this is the projection of FF' = 2 a c upon the same tan- 
gent, which is . 2acsin. V; (674) 
and therefore, we have the equation 

sin. (2^ — V) = c sin. V ; (675) 

whence, by (663), 

2z — y^ = in — v. {67fi) 

The equation (675) gives by putting 

<"9=^ («",»), (678) 

F:'ip^F{e",9)i <679) 
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tm y- »'°g^ 1 _ v((e+l)»-2 e 8i n.'/)_(e+l y. x 

e-{-cos. 2 X ' COS. V e-\- cos. 2 z e-f-cos. 3 ;r ' 

^y=co8.(ax — V) = ^"*:"^''f ^ .cos.y, (681) 

^ ' e -j- COS. 2 z ^ ' 

j> 2co». (2^-v) 

'* COS. (2 jr— V) 4- e COS. V * ^ ' 



F ^ir» — ? 2(«>4-l)^'./ 

^jj( 'v* COS. (2;r — ^.V)+ecos.v» l-)-e'-|-2e cos. 2 ;r 

- 2(g+»)^'-ir - _ 2 

(K: ~ {e + lfU.xf -{e + l)j".x' 



(683) 



/'Z 2 2 e" 



(en 
(6:; 

101. Corollary. If jr> x", ^9 correspond to V, V', Vo , we 
|M hare the equation 

F\' x + F': x' — F" x^ — Q, (686) 

Be ^ 

/g;! with the condition that 

COS. ;p) = COS. X COS. jr' — sin. x sin. ^ y jto • (^86) 

103. Corollary. In the same way in which 1^' jt is ob- 
tained from /^V', another function F"^x^ might be obtained 
from F' x^ and so on, until a series was obtained in which the 
▼alues of e, ^\e''', d&c. form a series of eccentricities, in which 
each differs less and less from unity. It may be shown that 
ef' differs from unity less than e does, for (677) gives 



1-* -(i+v«)''(i+0~(»+V«)'(i+«)^ ^' 
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in which the factor of 1 — e is evidently less than nnity, 
and decreases rapidly with the decrease of 1 — e. The valoe 
of F. g) may therefore be made to depend npon a value of 
F=: (e„. q>„), in which e» differs from unity by as small a 
quantity as we please, and we have 

(690) 

103. Corollary, In the same way jP(cqD), by reversing the 
above process, may be made to depend upon the value of 
F (e„ (Pf)i in which e„ is as small as we please. In this case 
e" may be found from e by reversing the accents in (677) and 
solving the equation with regard to e", which gives 

.= (!=^>-)) = (,^,^,)'. ,»., 

104. Corollary, If we put in (677) 

c = tan.2 J |5, (692) 

we have ef' = sin. /». 

106. Corollary. We have by (681, 680, 683), 

^ cos.,// — ej"^ ...... 

cos. 2 jir = (604) 

J '^f — e cos. \i> 

1 1 ""^ £ ) cos tp 

c + cos.2;ir= \ -^=(^V+ccos. V)cos.V' (695) 

• jxy — e cos. V ^ 



r « 



V i(e+l)(y'.;r)2 



J yfi 
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Reduction of elliptic integrals. 



2(l + c)^v~"t/ 2(l + e)^V 

/V' ^ V /•V 1 — c , /•V c COS. v 

1+c ~y 2^ ^J 1+c 

which may serve to deduce the value of JS (e . fp) from those 
of E . {tn g>n)t i^ which en is very small, or differs but little 
from unity. 

106. Corollary* Potential functions may be applied to the 
hyperbola very nearly in the same way in which circular func- 
tions have been applied to the ellipse. Thus if we put 

A Cos. <p = X, B Sin. q> = y, (697) 

X and y are the coordinates of the hyperbola, of which the 
equation is 

G) -(*)'=■■ <««) 

The length of the hyperbolic arc is, by putting 

' = ^(1+55')' <®^> 

If we let 

r (e 9) = V (1 + «® Sin.a <f) (700) 

a(e9>)=/V(ey). (701) 

we have s = J5 g- (c^)). (702) 

107. Corollary, The condition that the point of contact in 
(fig. 2) is upon another hyperbola which has the same foci with 

13 
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Hyperbolic integrals. 

the given byperbo!*, is expresBed algebnieally by the equa- 
tion 

Cos. <Pf^ = Cos. q> Cos. 9'— ^ Sin, 9 Sin. g>'. #^ 9© » (703) 

and corresponds to the equation 

ar ^'+ ar <^ — ar ^0 = «^ sin. 9^ sin. 9 sin. <p% (704) 

in which <p*, q)^ , q), correspond respectively to the last and first 
points of the hyperbolic arch included by the two tangents, and 
to the last point of the arc of which the first pcHnt is the ver- 
tex. 

108. Corollary. In the same way, if we put 

we have, with the condition (703), the equation 

^ V' + J- 9 — i^T Vo = 0. (706) 

109. Corollary. When e was changed into its reciprocal 
in § 04, it became greater than unity, and ceased, therefore, 
to correspond to an ellipse. It may easily be shown that, in 
this case, however ,'the transverse axis and the angle <f become 
imaginary of the form A ts/ — 1 and <f \/ — 1 ; so that the ellipse 
changes into the hyperbola, of which 3 is the transverse axis, 
and A the conjugate axis ; and the circular change into po- 
tential functions. This case is, therefore, the same as the one 
just investigated, and it may be remarked, that the equilateral 
hyperbola takes the place of the circle. 

110. Corollary. If ^ is determined by the condition that 

cos. fl = Tan. 9, (707) 
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we have sin. 6 = , cot. d = gin. 9; (7O8) 

whence Db*<p =z — cosec. & 

a3— 1 V 

r.y==V(l+e2cot.2a)=^^lii-^5 i (709) 

= c cosec. d ^ . (c"'. 6), (710) 

if e'"=V'-^^. (711) 

Hence 

•9 1 ph^v D69 



/g> 1 pin D6 9 



111. Corollary, Let o be so taken that 
Sin. 

and we have, by putting 

e' = 



Sin. ys=: - tan. «; (713) 



«' = V(l--^). (714) 



COS. » COS. « 



(715) 

r 9 = , (716) 

COS. « ' ^ ' 



c y « . COS. « ' (717) 
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Hence the length of the arc of the hyperbola is 

1 



e J COS.* a J' a 

sin.2 , 



_J5 /»» 1 B pto 



COS.* » j\ 



_-B B /^ (l-e'»)tan.'.» 

(718) 

But, we have, 

(l-c'2)tan.2« -^'cii , nl-c'^ H 

' ir' 01 cos.2(o ' L ^ " J 

COS.^ « i'' w 

= 2>.(tan. « ^'<u); (719) 

which, substituted in (718), gives 

JO 

5 = - J". « — B«£J'« + J5«tan. «^w 
c 

= V (il2+ B2)r^^ — U' « + tan. « ^' «, j. (720) 
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Arc of curve of double curvature. 

112. Examples.* 

1. Prove that the tangent let fall from the centre of the 
hyperbola upon the tangent is in the notation of § 111. 

B c tan. « ^' » = ^ (^2^-1- B2) tan. « i' « (721 ) 

2. Proye that if e'' and x are so taken that 

^' = !-^. (722) 

sin. (2 ;r — ") = c' sin. «, (723) 

the length of the arc of the hyperbola is 
s=V(-4'*+^)[^'«-2(l+e')JS"^+2c'sin.;r+tan.ai /«,]. (724) 

113. Definition, A curve of double curvature is a 
curve all the parts of which do not lie in the same 
plane. 

1 14. Problem. To find the length of an arc of a 
curve of double curvature. 

^Solution. Since the length of an infinitesimal arc of the 
curve is equal to the distance apart of the two infinitely near 
points 2, y, 2 and X'\-dx^ y~^dy, z-\-dz\ or, algebrai- 
cally, 

dsz=i,s/{dz^ + dy^ + dz^) ; - (725) 

the length of an arc is 

s=fM^(Dx^-\-Dy^+Dz^). (726) 

* The examples will not hereafter be Btrictly confined to the subject 
of the chapter, but will extend to any exercises suggested by the in- 
vestigations fn the chapter. 
13* 



Digitized by 



Google 



160 



INTEGRAL CALCULUS. [b. Y. CH. Vt. 



Helix. 



1 15. Examples. 
1. To find the length of an arc of the helix. 

Solution, The helix is a curve formed by a string wr|ipped 
round a cylinder in such a way as to make a constant angle 
with the side of the cylinder. Hence^ if the plane of-zy is 
that of the base of the cylinder, if the centre of the base is 
the origin of coordinates, and if 



Q =z radius of the base of the cylinder 
(p = the angle which the projection of radius vec- 
tor on the plane of a; y makes with the 
axis of X, 
a ^ the angle which the string makes with the 
side of the cylinder, 



I 



(727) 



the equations of thi helix are 

a; = ^cos.9, y=:?sin. 9, zz=Q(p cot. a. (728) 



Hence 



5=/J^V(l+<^t.2„) 



sin. a 



(729) 



2. To find the length of the arc of the curve formed by 
winding a string round a solid of revolution, in such a way as 
to make a constant angle with the meridional arc of the sur- 
face. The meridional arc of a surface of revolution is the 
intersection of the surface with a plane passing through the 
axis of revolution. 
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Rhumb ]ine. 

Ans, With the notation of the preceding example, the 
length of the arc is 

s = sec af^ . s/ [l+(^* 0^] = a' sec. « ; (730) 
where 5' =: the arc of the meridional section, corresponding 
to the required arc 5. 

The angle 9 may be substituted for z in (730) bj means of 
the e(]tiation 

ff—im.a P 2llL . (731) 

3. To find the length of the arc in Example 2, when the 
solid is a right cone. 

Ans. If /} = the angle which the side of the cone makes 
with the axis, 
Zq ^ the value of z at the beginning of the arc 
s = (z — Zq) sec. a sec. /* 

9 sin. /} cot.^ 
= sec. a sec. /» . c. (732) 

4. To find the length of the arc in Example 2, when the 
solid is a sphere ; that is, to find the length of an arc (^ a 
rhumb line. 

Ans. If jR = the radius of the sphere ^ 

d = the inclination of the radius vector 

to the axis of z, r C^^^) 

Bq = the value of ^ at the beginning of the 
arc, 
the length of the arc is 

5 = E(d — djsec. « (734) 

and 9 may be substituted for ^ by means of the equation 

g, = log. tan. J ^ — log. tan. } «o • (735) 
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5. To find the length of the arc in Example 9, when the 
solid is an ellipsoid of revolution. 

Ans. If A z=, the semi-transyerse axis^ ^ 

e = the excentricity, S C?^) 

& corresponds to 9 in (574), ) 
the length of the arc is 

s=ABec,a{E& — E ^0), (737) 

and <p may be substituted for ^ by means of the equation 

' {^ d— cos. d) sin. ^0 , ,^ « COS. 6 ^ J6 ,^^q. 

<P = log. (,,^^eos.Msin.a +; ^^S' ecos.^o + -^^o ' ^^^> 

in the case of the oblate ellipsoid. But in case of the prolate 
ellipsoid, the equation is 

J6 + a/ (l — e^) sin. d , , COS. 60 
^ =log. ^,^^^(i_^.),i^,,^ + log. ^^^-^ 

+ ^(l_e2) ^^°S- 1-sin. d-sin. do+2 sin. a sin. 4o ' ^ ' 

116. Problem. To find the shortest line, which can 
be drawn, subject to given conditions. 

Solution. The variation in the length of the curve arising 
from any very small change in its equation, which may be 
made, consistently with its conditions, is in general propor- 
tional to the magnitude in the change of the equation ; it 
must, therefore, change its sign with the change of sign in the 
variation of the equation. Thus if a x denote the varii^tion of 
the equation, we shall have for the variation in . the length of 
the curve. 
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Ss = Ds s.^x + iD^^s .^x^ + &,G. (740) 

the second member of which is reduced to its first term when 
^ X is an infinitesimal. But, in the case of a maximum or 
ninimum, ds should not change its sign with 9x, and therefore 
this first term should be wanting, that is, the variation of s 
should be zero, while the second variation of s should not van- 
ish ; or if the second variation should chance to vanish with 
the first, the third variation must also vanish. The principles 
of finding this class of maxima or minima are the same with 
those of B. II. Chap. VIII. But the process of finding a 
maximum or minimuin of a definite integral, such as 



/ 



*> Ds, (741) 



5o 

dependent upon a variable function, is quite different from that for 
the ordinary maximum or minimum ; ahd such problems are 
often considered by themselves, under the title of the Method 
of Variations, 

The function (741) can vary in two ways, either by the 
variation of the functions upon which s depends, or by the 
variation of the limits of the integration. The condition that 
it is a maximum, is, therefore, expressed by the equation 

dP^ Ds=i9s^ — ds^ + P^ 9Ds=0. (742) 

•/ Sq •/ Sq 

The value of D s usually depends upon many variables, 
t, X, y,'&c., and their differential coefficiients, in such a way 
that, if t is taken for the independent variable, any change in 
the functions by which x, y, &;C. depend upon t, gives the 
equations 

9s,=Ds^.8t^, 9s^=Ds^,U^, (743) 

«l>5=X«Jx+F^y+&c. +Jr'a/>x+FaZ>y+&c. 

+-r''az>2 24.r/'a/>9y^&c.; (744) 



Digitized by 



Google 



154 INTEGRAL CALCULUS. [b. ▼. CH. Vi 

' Method of VariatioDS. 

wbicby substituted in (742), give 

+ JC'^dD^x+6LC. +ray-f&c.)=0. (745) 

But, by (262), • 

f.X'iD x=/. X' D a x=X' a x—fD X' . 6x (746) 
/. X" d'D^ 1=/. X' D^ ixzziX" D d x^fDX". Dsx. 

=X' D a 2-I> X'. 9 x+f m X*. 9 X, &c. (747) 

The terms iu the last members of (746 and 747), which are 
not under the sign of integration, must, in passing to the defi- 
nite integrals, be referred to the limits of integration But it 
must be observed, that the variations in (746 and 747) are 
taken upon the supposition that the independent variable i 
does not itself vary, and that only the functions vary, by which 
Xy y, &c. are connected with it ; whereas the limits of inter 
gration may themselves necessarily vary with a change (^ this 
function, and therefore t^ and t^ are supposed to vary. If, 
then, a^x^, 9'y^^ &,c. denote the variations arising from 
the change of the functions, the values of the complete varia- 
tions are 

9x = 9'x^^DxQ.9t^^ &,z. (748) 

whence a' Xq= a x^ _ /> x^, . a f^ , &c. (749) 

Hence (746 and 747) give 
r\^XdDxz=iX,9'x^—X, 9f x^—p^^ DX.9X (760) 

'^^^ X" d D^xzizXl D ii x^—D X\ ^ x^—X'^D9fx^ 
in which 9f is given by (749). 
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-♦- 



These equations, substituted in (745), give 

+( jr;- &c.) D K X J— ( Jr^^'-&c) D if a^^+^c. 
+/Ji. [(X-Z>Jr'+/>^ X"-&,c.) 9 x+{ F-&C.) ^y+&c.]z=0. 

•^ *0 ' « 

(752) 
The terms of (752), which are under the sign of integration, 
express a variation which belongs to each point of the curve 
independently of all the other points, and which must, there- 
fore, be equal to zero for each point ; which gives the general 
equation 

{X—D X'+D^ ^"— &;c) 9 X+&.C. = 0. (753) 

The variables, t, x, y, Si^c. may be bound together by some 
conditions, represented by the equations 

i = 0, MzzzO, (754) 

in which L, M, may be functions of t, x, y, &c. The varia- 
tions of these equations will then give linear equations between 
^x, ^y, &;C. from which the values of some of the variations 
dx, 9y, &c. can be determined in terms of the others. These 
values, substituted in (753), will reduce the number of v^ria^ 
lions in (753) to the smallest possible number, and those which 
remain will be wholly independent of each other, and there- 
fore their coefficients must vanish. The equations, thus ob- 
tained from making these coefficients equal to zero, will be 
the required equations of the shortest time. 

If, in addition to the equations (754), the limits of the curve 

are subject to peculiar conditions ; these conditions, with those 

of (754) „ referred to the limits of the curve, may be combined 

with the terms of (752), which are not under the sign of in- 

. tegration, and the equations for determining the extreme points 
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of the curve may be found by the same method by which the 
equations of the curve itself are found. 

117. Corollary. The preceding process for finding 
th&.minimuni of (741), may be applied to fiinding the 
maximum or minimum of any definite integral, such 
as 

'^1 r (756) 



J t\ 



"0 

by changing in the various formulae D s into F. 

118. Corollary, The number of the variations ix, sy, &€. 
determined by (754), is plainly equal to the number of the 
equations of (754). The number of the variations left unde- 
termined, therefore, in (753), and consequently the number 
of equations obtained from (753), is equal to the number of 
the variations not determined by (754). The whole number 
of equations then of the required curve, is equal to the whole 
number of the variables i, y, z, &/C., among which the inde- 
pendent variable is not included ; that is, there are just as 
many equations as are required to determine the curve. 

In the same way, it may be shown that there are just 
enough equations to determine the extreme points of the 
curve. 

119. Corollary. The following method of eliminating the 
variations from (753), which are determined by (754), is 
more symmetrical than the usual one, which is proposed in 
§ 116. Multiply the variation of each of the equations (754) 
by some quantity, such as a, ^, &»c. and add the sum of all 
the products to (753). The values of a, /u, &;C. may be de- 
termined by putting equal to zero, the coefficients of just as 
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many of the variations ^x, sy, d^c. The substitution of these 
values of a, fi, &c. in the other coefficients, will reduce (753) 
to an equation, from which as many of the variations have dis- 
appeared as there are equations (754). The remaining co- 
efficients, being those of independent variations, must tjiefefore 
be equal to zero ; that is, each of the coefficients in the sum 
formed by the addition of the products of (754) by x, u, d&c. 
to (753), may be put equal to zero, and x, /<, 4*c. may be elim- 
inated from the result by the usual process, 

120. Corollary. If all the variables had been, in the outset, 
eliminated from Ds (741) or V (756), which could have been 
eliminated by means of the equations (754), the remaining 
ones would have been independent of each other, and would 
have given, at once, from (753), 



X— DX -{• D^X" — &c. = 0, 

r_/>F + l>2Y" — &C. =0, d6C 



} (757) 



If, moreover, certain of the variables, and among them the 
independent variable, had been taken so as to be the very 
functions of the variables which were constant under the ad* 
ditional conditions at one of the limits, as that of t^-, we 
should have for those variables 

d ^0 = 0» &c- (758) 

and there would have been no additional conditions betwe^p 
^ ^o » ^Vo* ^^'9 which in this case would not differ from 
^' ^0 » ^^o* *^^- 5 ^^ ^^^^ (752) would give 

x,—D jro+&c.=o, Y',—D r;'+&c.=o, &c. (759) 

2:;— &c. = Y'o—^"^' = ^' ^^- C^^^) 

of which (759) are the same'with (757) referred to this ex- 
14 
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tremity. The equations (758), however, involve the hypothe- 
sis that there is no condition, by which both extremities are 
bound together. 

121. Corollary, If the curve is referred to rectangular co- 
ordinates X, y, z, of which x is the independent variable, we 

have 

Ds = A/{l+ny^+Dz^), (761) 

9Ds==^^9Dy+^9Dz; (762) 

' whence y, _ Djf y , _ D^ ) 

Ds ' Ds * i (763) 

These equations, substituted in (753 and 752), give 

-^""^o-g^"^o = 0. (765) 

122. Corollary. Any condition between the rectangular 
lidordinates of the preceding article must be expressed by an 
algebraical equation, which may be regarded as the equation 
of a surface upon which the shortest possible line is to be 
drawn. 

If the positions of the axes of coordinates are so taken that 
one of the axes, that of z for instance^ is perpendicular to the 
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surface at one of the points x, y, z, through which the curve 
passes, we should have, at this point, 

dz = 0, (766) 

and, therefore, by (764), 

- ^(2)=«- <^«^) 

But the plane of the axes of x and y is» at this point, parallel 
to the tangent plane, and 

Dy 

Ds 
is the cosine of the inclination of the curve to the axis of y ; 
so that by (767) this inclination is constant. 

Hence the direction of the shortest line drawn upon 
a surface, has at each point no curvature in the direction 
of the tangent plane ; it has, then, less curvature at 
each point than any other curve drawn upon the same 
surface through that point, and having the same tan- 
gent with it ; that is, it has the maximum radius of 
curvature of all lines which have a common tangent^ 
and are drawn upon the same surface ; it coincides, then, 
with the direction of a riband which is wound round 
the surface in such a way as to bend only towards the 
surface, without bending in the tangent plane either to 
the right or left. 

123. Corollary. Upon any surface whatever, such 
as a cylinder or cone, formed by the bending of a plane, 
and which is designated as a developable surface, the 
shortest line becomes a straight line when the surface 
is bent back into a plane; and it may be remarked, that 
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any surface formed by the motion of a straight line, 
ivhich remains in two successive positions in the same 
plane, is developable. 

124. Corollary. It is obvious, from (353 of vol. 1), 
that the hyperboloid of equation (350 of vol. 1) is not de- 
velopable, and that therefore the preceding corollary is 
not applicable to it, although it may be generated by 
the motion of a straight line. 

125. Corollary, The shortest curve upon the sphere 
is an arc of a great circle. 

126. Corollary. The curve drawn upon the surface 
of the earth, upon the principles of <5> 122, is called the 
geodeticai curve, and, therefore, this is the shortest curve 
which can be drawn upon the earth's surface, 

127. Corollary, If the position of the axes is taken as in 
% 122, but with the condition that the axis of x shall be the 
normal to the surface, we have for the point JCo > ^o » ^o » 

^^0=0; (768) 

whence, by (765), 

J^Vo ^yo + ^«o ^2o = 0, (769) 

^2o Dyo ^ ' 

Since the point x^^, y^ ^ z^ , is upon the given surface, any 
additional condition for this point would be equivalent to re- 
quiring it to be upon some other surface, so that it would have 
to be at the common intersection of the two surfaces. The 
first member of (770) expresses, then, the tangent of the 
angle which this intersection makes with the axis of z, while 
the second member expresses the negative of the cotangent of 
the angle which the required curve makes with the same anis. 
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The shortest curve which can be drawn upon a given 
surface from one curve upon that surface to another 
curve, or to a point upon the surface, is perpendicular 
at either extremity to the limiiing curve at that ex- 
tremity. 

128. Corollary. If the required line is subject to no con- 
dition except at its extremities, the variations in (764) are 
entirely independent, which gives the equations 

that is, since the direction of the axes is wholly arbitrary, the 
required line has no curvature in any direction, and 25, conse- 
quently ^ a straight line. 

If the extremity a^o > ^o ' ^o > '^ subject to a condition, that 
it must be upon a given surface ; the normal to that surface 
at the extremity of the line may be taken for the axis of x^ , 
which gives 

aa;, = 0, (772) 

and leaves 9y^ and ^z^ arbitrary ; whence, by (765), 

that is, the cosine of the angle which the required line makes 
with the surface in each direction is zero ; or, in other words, 
the required line is perpendicular to the surface. 

If the extremity Xq , yo i Zq9 is subject to two conditions, 
that is, if it is at the intersection of two given surfaces ; let 
this line be the axis of z^^ , and we have 

aico = 0, ^yo = 0, (774) 

14* 
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whence (765) gives 

or the required line is perpendicular to the given line. Hence 

The shortest line which can be drawn between two 
given surfaces, or two given lines, or a line and a sur- 
face, or a point and a surface, or a point and a line, is 
the straight line which is perpendicular to the surface 
or line at the corresponding extremity. 

129. Corollary. If the shortest line is required to be drawn 
upon a surface of revolution, let the axis of z be the axis of 
revolution, let u be the projection of the radius vector upon the 
plane of x y, and let (p be the angle which u makes with the 
axis of X ; and we have, by taking z for the independent varia- 
ble, 

Dsz=a/ {u^D^^ + Du^+l). (776) 

But by the equation of the surface, u is a given function of 
z, and, therefore, not subject to variation. Hence 

,j,^^n^JD^ (777) 



The equation gives, then, 
the integral of which is 



u^ D (p 
Z)^^ = 0. (778) 



"^ = 0; (779) 

in which C is an arbitrary constant, and the independent va- 
riable may be any variable whatever, because it is only the 
ratio of two differential coefficients which enters into (779). 
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130. Examples. 

1. To find the shortest line which can be drawn upon the 
oblate ellipsoid of revolution. 

Solution, Let A be (he greater, and B the smaller semi- 
axis of the generating ellipse, and e the eccentricity ; we have 
for the equations of the ellipse, as in (575 and 576), 

^ x=zA sin. ^ y=B cos. 6 ; (780) 

and X in this equation is the same with u in (779), and y is 
the same with z. Hence (776 and 779) give, by taking ^ for 
the independent variable, and using the notation of elliptic in<* 
tegrals, 

D s^=zA^ sin.2 fl D <p^+A^ cos.2 fl+B^ sin.a d 

=A' (sin.a 6 D t'^-^Jd*)=. — ^^ D v', (781) 

Let at xp, and e be taken, so that 

C=:A sin. a, (783) 

COS. y^ =. cos. 6 sec. «, (784) 

and we have, by taking yj for the independent variable, 

sin. 6 Dxp d = COS. a sin. V, (786) 

//d2=l-c2 (1-C0S.2 acos.2v)z=l— e2(sin.2«+co8.2»sin.2v) 

=(l— e2 sin.2 a) (1— €'2 sin.2 V) 

=(1— «« sin.a «) -^/ ^2, (787) 
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V (^' s>o-' d— C2) = A^ (8in.a d— sin.* «) 
=A \/ (C08.2 a— C08.2 fl) = il COS. « sin. V, (788) 

"^ '''■"sin. a ^(^a sin.2 fl-C*)"" sin.^ 6 

_ V(l— g^ sin.2 a)J'yp__ a/{ l-e^ s in.gg) y^f^ 

"" sin. a ( l+cot.2 a sin.2 v)"~ sin. « (1-f cot.2 a sin.* v) ^' V' 

(789) 

sin. « p 1-^e'cos. 2 a e*co8.'«"l 

■"cos."«V(^-«^siii.2a) L(l+cot.*«sin.»V)^'V -^'V J ' 

Hence, if we adopt the notation 
and put n = cot. 2 a, (791) 



sin. a 



(789) gives 

''' ~ cosTa a ^ (i_«a srn.aV) (793) 

[(l+c» cos.2«) (/r(n c' V,)-ir(n«' V'o))-^ cos.« « (jP Vi-F Vo)]i 
which is the required equation of the curve. 

The length of the curve becomes, by substitution in (781), 
^sz= Aa/ (1— «2 6in.2 a) (E'^^—E^'^^). (793) 

The integral (790) is called the elliptic integral of 
the third order, and admfts of theorems similar to those 
of the first and second orders. 

2. To find the shortest line upon the prolate ellipsoid. 
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Ans. Let the axes of the ellipsoid be represented by the 
same letters, as in the preceding example ; and let the equa- 
tions of the ellipsoid be 

w=B cos. &, z=:A sin. d, •% 

C=zB cos. «, sin. ^=8in. « sin. V, > (794) 

e*=:e sin. », rt=: — sin.^ «, J 

the equation of the required cur?e is (795) 

f^ cos ct 
y=cos.aV(l-c2)[ii(iie'V^J-zz(nc>o)]+j(^x(^i-i^V'^^^ 

and the length of the curve is 

s = A{E'% — E' %). (796) 

3. Pro?e that if <ro9 ^ ^nd 9>' satisfy the lower equation 
(599), and if 

iV=:V [«.(«+ l)(« + e2)] (797) 

the elliptic integrals of the third order will satisfy the equa- 
tion 

^{ne^')'\- Ii{ne9)—n{ne %) 

— » [-.1] / iV sin, if' sin, y sin. % V /^^x 

N \l+n(l — co«. y' 90s. 9 COS. 9o) / 
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CHAPTER VII. 

QUADRATURE OF SURFACES. 

131. Problem. To find the quadrature of a surface. 

Solution. Let M L 3f L' (fig, 7) be the portion of the sur- 
face, whose area is to be found, and which may be either plane 
or curved. Let the conditions of the bounding line be ex- 
pressed by an equation between two variables, / and m. Sup- 
pose two lines, LL', W, drawn infinitely near each other, and 
in such a way that / is constant throughout the extent of these 
lines; and let the lines MM\ mm', be so drawn that m is 
constant throughout their extent. If then <f is taken to denote 
the required surface, we have 

_ the area LL' IV L t^mw 

!>,.= — = ^ (799) 

and 

jy,^a=^^^ ^' the area a6 erf ^g^^^ 

But, if a = the angle bac, ^ 

5' = an arc of Z £.', > (801) 

* s" = an arc of Mm ; ) 

we have the arc ab = ds\ the arc a c ^ ds"y (802) 
the area a 6 c ^ = sin. a i/ 5' . €^ ^" 



and, since m is the only variable in 5', and / the only variable 
in 5", 

/>?. ^ <y = sin. a 1>« 5' . Di s", (803) 
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and the accents may be omitted in (802) without any ambi-. 
guity. Hence 

o =/,/„ sin. aD^.s.Di.s', (804) 

in which 2>,„s and DiS may be taken directly from the gen- 
eral expression for D s, and a is the inclination of two lines 
drawn through a point, in such a way, that for the one / is 
constant, and for the other m is constant. 

132. Corollary. When the surface is plane, (570) of vol. 1 
gives for rectangular coordinates, 

1>,5 = 1, D,s=l, (805) 

and it is obvious that a is a right angle ; whence 

o=fJ,.\=S,.x=f,.y, (806) 

I or supplying the place of arbitrary constants by the form of 
definite integrals, 

in which the values of Xq x, yo Vi t ^^^ determined by the 
bounding curve. 

j 133. Corollary, When the sSrface is plane, (574) of vol. 1 
gives 

Dtps=r, Z>, 5 = i, (808) 

'i and a is a right angle ; whence 

<.=/,/,. r=/,. r 9 = J/y.r»; (809) 



or 





=/Ji/^:-''=/r:('-.».-^-)=*/j;('^-^)- (8»o) 



134. Corollary. When the surface is curved, let r denote 
the inclination of the tangent plane to the plane of x y, and, 
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» II . . . 

since the projection of a surface is equal to the product of the 

surface by the cosine of its inclination to its projection, (806) 

gives 

a =/,/,. secy. (811) 

Hence, by (600) of vol. 1, where 

F= (812) 

is the equation of the surface, 

—J'J>- 1)^ V 

=Ur ' V (/>. *" + i>» «« + 1). (813) 

135. Corollary. When the surface is developable, it may 
be supposed to be developed into a plane, and its area found as 
that of a plane surface ; or it must give the same result to 
refer the surface to axes, drawn upon it in such a way, that 
they would be straight lines when the surface was developed, 
and the rectangular coordinates would then be the length of 
the shortest lines, which would be drawn upon the surface to 
two of these axes, which would be perpendicular to each 
other. 

136. Corollary. When the surface is one of revolution, the 
jnotation of ^ 129 gives, by ^ 134, 

c^=/cp/«.«V(i>«^^ + i); (BW) 

and if s denotes the arc of the generating curve, 

^ =/9/» '^ ^uS =f<pfz .uD^.s =fipf. . u. (815) 

137. Corollary. When the surface of revolution is included 
between four curves, of which two are the intersections with 
the surface of two planes which are perpendicular to the axis 
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of revolution, and the other two are the intersections with the 
snrface of the planes, which may be called meridian planes, 
because they include the axis of revolution, and which are in- 
clined to each other by an angle 9*2 > (^1^) gives 

c = ,,/«. . „ D. ,=.,/*» .uD.. ,=,, /*; . «. (816) 

138. Corollary. If another surface of revolution were gen- 
erated by the revolution of th^ arc in the preceding section, 
about an axis at the distance h from the former axis, and 
farther from the arc, so that for this new axis we have 

u' = u+h. (817) 

(816) gives the value of the corresponding surface 

^' = y2/^^(ul>„s + 6i>«5) 

= 9>2y"'^ tt i>„ 5 + 6 9a (5i— 5o) 

= ^^ + 6 92 (5i-So). (818) 

139. Corollary, Had the second axis been upon the oppo- 
site side of the arc, we should have had 

tt" = 6 — tt (819) 

0" = 6 93(5,-5,)— a. (820) 

140. Corollary. A curve AB A' B' (fig. 8) is said 
to have a centre when there is such a point that any 
chord, such as A A^ B B'^ &c. which passes through 
it, is bisected by it ; and such a chord is called a diam- 

15 
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Surface of a ring. 

eter. The surface generated by the revolution of such a 
curve about an axis CC which does not intersect the 
curve, is called an angular surface, or, simply, a ring. 

The notation 

5 = the perimeter of the generating curve "^ 

ABDA'D'A, 
a =z the surface which would be generated by 

the revolution of D B A D' about the di- ^ (821) 
ameter D D' parallel to CC, 

6 = the distance of the axis C C from the cen- 

tre, J 

gives by (818 and 820) for the whole surface of the ring, 

= 2bn S. (822) 

141. Problem. To transform the differential coefficient of 
a surface from one system of varieties to another. 

Solution. Let I and m be the given variables, and let the 
second member of (803) be denoted by H, that is, 

Dl^.c = H (823) 

If, then, only one of the variables m is to be changed, and 
t is to be introduced instead of it by means of the equation 

M = m, (824) 

in which ilf is a given function of / and t ; we have 

=r m,„.a.D,M=:HD,.M. (825) 
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Transformation of differential coefficient. 



If the other variable / is also to be changed, and u to be in- 
troduced instead of it, by means of the equation 

/=Z, (826) 

in which Z is a given function of t and u ; we have 

m^a-HD, .M.D^L. (827) 

142. Corollary, If Jf, in equation (824), instead of be- 
ing a given function of t and /, were a given function of t and 
\ u, u might be eliminated by means of (826). It is more con- 
venient, however, to eliminate its differential coefficient only 
from Dt . Mf afler having determined this differential coef- 
ficient by means of (826). Thus the differential of (826) 
relative to t is, by regarding « as a function of t, 

0=D,L + D„L.D,u, (828) 

whence D, L 

and (824) gif es 
of jD, m = Z>, If + Z>. If . D, M 

D.M.D, L -D^M.D.L 

= -p jj. (830) 

^^ But m is obviously to be substituted for M in (827), whence 
we have by (827 and 830), 

3) D]^c = H {D,M.D^L—D^M.D,L), (831) 

« 
^^ 143. Corollary. The two preceding articles may be 
applied to the transformation of any second diflferential 
^) coefficient of two successive variables. 

144. Examples. 

5) 1. To find the area of the segment of an ellipse included 
between two parallel lines. 
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Transformation of differential coefficient. 

Solution. Let the ellipse be referred to coojagate axes, as 
in (74) of vol. 1, in which the axis of y is drawn parallel to 
the given lines ; and (804 and 807) give, since in this case 

yo = -y» (832) 

is the ordinate y of the ellipse, if a is the angle of the axes 



J ^0 



y sin. a. (833) 
*'o 

If, now, we tdke & so that 

x=zA cos. &, (834) 

we have y =^ B sin. 6, (835) 

D^.z = — A sin. 6, (836) 

0=2 sin. a f^o A B sin.2a=:^ B sin. « /* © (1 —cos. 2 ^) 

=A B sin. a [^0— ^— J (sin. 2 «o— sin. 2 ^ ^ )] (837) 

TO 

= J sin. a (corresponding areaof asegmentof a circle whose 
radius is il). 

2. To find the area of a sector of an ellipse, when the ver- 
tex of the sector is at the centi'e of the ellipse. 

Solution, In this case (834 and 835) give, when A and B 
are the sen^axes, 

r cos. (p z= A cos. 6, r sin. (p = B sin. d, (838) 

tan. 9 =~ tan. B, />,.<»' = ? ^^fjl, (839) 

A ' & A cos.2 & ' ^ ' 

r^D^.q^^zAB; (840) 
whence, by (810), putting zero for r^ , 

o = iAB{i,-A,). (841) 
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Area of elliptic segment and sector. 
Corollary. The whole area of the ellipse isnAB. (842) 

3. To find the area of a sector of an ellipse, when the ver- 
tex of the sector is at a focus. 

Solution. If the origin of coordinates is at the focus, (834 
and 835) give 

r cos. (p=z%z=iA cos. ^ — A e^s^A (cos. ^ — c) (843) 

r sin. (p=yz=zB sin. 6 , (844) 

B sin. 6 ,r^A^^ 

^ B (I-ecos^^, (846) 

A (cos. d — e)^ ^ ' 

r^D6q>=:AB.{l—e cos. fl), (847) 

whence, by (810), 

<f=A B . [&^—&^—e (sin. fl j— sin. do)]. ^ (848) 

4. To find the area of the hyperbolic segment included be- 
tween two parallel lines. 

Ans. If the hyperbola is referred to conjugate axes as in 
(90) of vol. 1, in which the axis of y is parallel to the given 
lines, if r is the angle of the axes, and if ^ is taken so that 

X ==: il Cos. fl, y = B Sin. ^ (849) 

the area is 

a = J ^Bsin.y (Sin. 2 ^j— Sin. 2^0+2^-2^0)- (8^0) 

5. To find the area of tMe hyperbolic sector, the vertex of 
which is at the centre of the hyperbola. 

15» 
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Area of hyperbolic ■egment and sector. 



Ans. With the notation of the preeediog example, the area 



IS 



a = AB («,-«,), (851) 

in which A and B are the semi-axes. 

6. To find the area of the hyperholic sector, the vertex of 
which is at one of the foci. 

Ans, With the notation of the preceding example, the area 
<'=zAB [(^-^o) - e (Sin. d -Sin. 6^)]. (852) 

7. To find the hyperbolic segment included between an 
asymptote, the curve, and two straight lines drawn parallel to 
the other asymptote. 

Solution, It is convenient, in this case, to take the two 
asymptotes for the oblique axes, for which ^ and p in (86) of 
vol. I. must have the values 

B B 

tan. « = 2 ' ^^^' ^=~A' ^^^^ 

whence (86) gives for the equation of the hyperbola, refened 
to its asymptotes, 

x!/ = i{A^+B^). (854) 

The area of the required segment is, then, by (807, 853 and 

854), if the axis of y is the asymptote parallel to the given 

lines, 

. ^ /»!, 2AB pz. 



= \AB 



/«> 1 



= JylBlog. li. (865) 
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Area of parabolic and oyoloidal segments. 

8. To find the area of the parabolic segment included be- 
tween two parallel lines. 

Ans, If the parabola is referred to oblique axes as in (100) 
of vol. 1, of which the axis of y is parallel to the given lines, 
and if « is the angle of the two axes, the area is 

<^ = |(yi xi— yoa^o). (856) 

9. To find the area of the parabolic sector, of which the 
vertex is at the focus. 

Ans. If P is the distance from the vertex to the focus, if 
the origin is at the focus and the angle 9 counted from the 
vertex, the area is 

o = 2P (tan. i fTi— tan. i Vo). (857) 

10. To find the area of the segment included between the 
curve, the axis of x, and two lines drawn parallel to the axis 
of y, of the curve known as tlie parabola of the order a, which 
has for its equation 

ff=A7f. (858) 

Ans. a= "^y'-V ^. (859) 
a + 1 

1 1. To find the are of the segment of a cycloid given by 
equations (130 and 131) of vol. 1, included between the curve, 
the axis of x, and two lines drawn parallel to the axis of y. 

Ans. <'=jR2[j(5j^,,)«2(sin.«i-8inA)+i(8*n-2^i-s»n-2^o)]. (860) 

Corollary. The whole area included between a branch of 
the cycloid^ and the axis of z, is 

o = 3nR^, (861) 

=: three times the area of the generating circle. 
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, Area of sectors of spirals. 

12. To find the area of the segment of a cycloid, which is 
included between the curve and a line drawn parallel to the 
axis of y. 

Ans. o=R^ [(^— ^) (1+2 cos. ^)— 2 sin. d— J sin. 2 d]. 

13. To find the area of a sector of the spiral of equation 
(133) of vol. 1, when the vertex of the sector is at the origin. 

Am. « = ^i^(,/-+'_^/'.+ >). (863) 

14. To find the area of a sector of the hyperbolic spiral, the 
equation of which is (135) of vol. 1, when the vertex of the 
sector is at the origin. 

Ans. o = 2n^m ( — ^\. (864) 

15. To find the area of a sector of the logarithmic spiral, of 
which the equation is 

T = at , (865) 

when the vertex of the sector is at the origin. 

Ans. cy = ia«G^^*— /^^). -(866) 

16. Given the area <^ of a surface included between any 
lines whatever, the combination of which considered as one 
line which in general is discontinuous, is represented by the 
equation 

F.{x,y) = % (867) 

to find the area a' of the surface bounded by the line or system 
of lines 

F (^ , f )=0. (868) 

Ans. o' = a 6 (T. 
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Area of a zone of an ellipsoid. 

' — _— ^ — . — _ — - — . ^■'- ■ ■ - -■ ■ I .. .- 

Corollary. If a and b are equal, the surfaces are similar, 
and (869) gives 

a^=:a'^o; (870) 

that is, the areas of similar surfaces areproportional to 
the squares of their dimensions. 

17. To find the area of the zone of an oblate ellipsoid of 
revolution vrhich is included between two planes drawn per- 
pendicular to the axis of revolution. 

Solution, Let the notation be that of Example 1, of ^ 130, 
and (816) gives, for the area, 

J ^o 

(871) 

Let the angle « be so taken that 

B Sin. " = ^ e cos. d ; (872) 

and we shall have 

— Ae sin, 6 Doi.6 = B Cos, o>; (873) 

whence 

27rJB2 /»„^ 
« J ""i 



Cos.2 „ 



= ^fll'^^ + ^''''^^^ 



= ^ [K— i)-fHSin. 2co,-Sin.2 0,,)]. (874) 

18. To find the area of the zone of a prolate ellipsoid of 
revolution which is included between two planes drawn per* 
pendicular to the axis of revolution. 
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Area of a zone of a hjperboloid. 

Ans, With the notation of Example I , of § 130, and pat- 
ting 

COS. « = c COS. 6, (S75) 

the area is 

^ - !L£^ [("i— «o) + i (8">- 2«i,-8in. 2 «J]. (876) 



19. To find the area of the zone of the hyperboloid of revo- 
lution formed by the revolution of an arc of an hyperbola 
about the transverse axis. 

Ans. If the equations of the generating hyperbola are 

x = A Cos. d, y = B Sin. d, (877) 

and if o is taken so that 

c Cos. fl = sec. «, (878) 

the area is 

_ jtAB f ein,"^ sin.% _j_i^^^»g-(^**44"i)" 



rr8in.o>, sin.% , tang. (45^ 44 a»,)n 
Lcos.2«,, cos.2«^^'^-tang. (45«+J «o)S^ ^ 



20. To find the area of the zone of the paraboloid of revo- 
lution, included between two planes, which are perpendicular 
to the axis of revolution. 

Ans, If P is the distance from the vertex to the focus, and 
if d is so taken that 

y = 2 P tan. 6, (880) 

the area is 

(T = I TT P2 (sec.3 flj— sec.3 dj. , (881) 

21. To find the area of the zone generated by the revolution 
of an arc of a parabola about the axis of y of the preceding 
example. 
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Area of a zone generated by the arc of a cycloid. 

Ans, If B is taken so that 

x + P= P sec. 6, (882) 

and if o' is the value of o in (879), 
the area is P^ e , 



AB 



(883) 



22. To find the area of the zone generated by the revolu- 
tion of an arc of a cycloid about the axis of x in (130) of 
vol. 1. The arc is supposed to commence with a. 

Ans, With the notation of equations (130 and 131) of 
vol. 1, the area is 

<j = 16 TT 122 (f— § COS. J ^ — i sin.2 J 6 . cos. J &). (884) 

23. To find the area of the zone generated by the revolu- 
tion of an arc of a cycloid about the axis of y in (131) of 
vol. 1. The arc is supposed to commence with &, 

Ans. With the notation of the preceding example, the area 
is 

a = 16 TT U2 (sin. i B—i 6 cos. J ^ — i sin.s J 6), (885) 

146. Problem. To find the area of the zone gen- 
erated by the revolution of a given arc of a plane curve 
about <tn axis in the same plane with the arc, when the 
areas of the two zones are known which are generated 
by the revolution of the arc about two axes in the plancf 
which are perpendicular to each other. 

Solution. Let the two perpendicular .axes be those of x 
and y, and let the given areas be, by (816), 
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Greatest or least surface. 

a' = 2^y'».y, (886) 

c"=2nf\^.x. (887) 

Let the new axis be inclined to the axis of z by an angle a, and 
pass at a distance a from the origin, and the required area is 

a z=db 2 ^J^ • (y cos. a — % sin. « — a) 
= db 2 TT [a' COS. « — of sin. a — a (*i— 5o)]; (888) 

in which that sign is to be adopted which renders the second 
member positive. 

146. Problem. To draw the curve line subject to 
given conditions^ which includes a maximum or mini-' 
mum surface. 

Solution. This problem, like that of § 116, involves the 
maximum or nfinimum of a definite integral, and is therefore 
solved in a similar way, by the method of variations. There 
is, in this case, however, a double integral, and the first inte- 
gral refers evidently not to disconnected points, but to the 
bounding lines of the surface, so that the determination of 
these lines may involve the method of variations, even when 
the general form of the surface is given. The determination 
of the form of the surface will admit of more lucid dis- 
cussion in a chapter upon the curvature of surfaces, and 
the present chapter will be confined to the consideration of the 
bounding line. 

The equation of the surface being given, tlie form of its 
second differential coefficient is known, and is independent of 
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GreateBt or least surface. 

the limiting lines, so that an integration can he directly per- 
formed, and the required integral be reduced to the form (756), 
and the process of finding the maximum or minimum becomes 
identical with that of § 116. 

147. Corollary. A kind of equation of condition is often 
connected with this problem, wholly different from those refer* 
red to in ^ 116. Each of the equations (754) is an equation 
which is satisfied by the coordinates of each point of the re« 
quired curve, and is thus equivalent to an infinite number of 
equations. But an equation, of the class here alluded to, is a 
single equation, involving the coordinates of every point of the 
curve. An instance of such an equation is the one which 
expresses that the bounding curve must be of a given length, 
or that the definite integral (741) must have a given value. 

All equations of this kind would appear to depend, neces- 
sarily, upon definite integrals, and they may be introduced into 
the equation of maximum or minimum for the purpose of elim- 
ination by the method of § 119. It must be observed, how- 
ever, that the multipliers x, u, 6lc , of these equations are 
always constant. For each of these equations does not deter- 
mine any relation between ax, ^y^ &^c. which is applicable to 
each point of the curve, but only a particular relation by which 
ene of the variations, as ^x, may be determined for one of the 
points in terms of the values of the variations for all the points. 
The corresponding multiplier a, therefore, must have that par- 
ticular value which shall cause this single value of ^x to disap- 
pear from the equation ; that is, x must be constant.- 

148. ExAMPXiES. 

1. To find the plane curve which, having a given length, 
encloses the maximum area. 
16 
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Greatest or least surface. 

Solution. The function to be a maximum is, by (806), 

";■ S, (889) 



/; 



^0 



and the function (566) is to be constant. Hence if A is the 
constant multiplier introduced for the purpose of elimination, 
the equation is, by the reduction of ^121, 

1-^D,(^)=0. (890) 

or by the notation of § 148 of B. II., and by (577 and 609 

of vol. 1, 

= 1+ ^D,. cos. ^ (891) 

{S = Dvx -^-ADv cos, V 

= sin. V Dvs — A sin. y (892) 

A = Dys=Lq, ' (893) 

that is, the curvature is constant, which is the property of no 
other curve than the circle ; the required curve is, therefore, a 
circle ; which has, already, been proved in the Elements of 
Geometry. 

2. To fiud the plane curve which, being drawn from one 
given point to another given point, and having a given length, 
encloses the maximum area between the curve itself, its two 
extreme radii of curvature and its evolute. 

Solution. By adopting the notation of the preceding article, 
the required area may be expressed in the form 



/ 



' . e" ; (894) 





that of the arc will be 

— # ;» 
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Greatest or lea«t surface. 



iH, 



03- 

itjir 



Equations (576, 577 and 609) of vol. I, give 
• DvX=z sin. V DvS =Q sin. ,., (896) 

; J . Dv^ = — COS. V Dv s = — Q COS. V, (897) 

"■- The given differences of the coordinates of the extreme points 
of the curve are, then, 

ji x^ — Xq= i ^ . Q sin. V, (898) 

:^i y—y^zz^—f'^^ . Q COS. ^. (899) 

If, therefore. A, B,C are the constant muhipliers of (895, 
898 and 899), introduced for the purpose of eliminatioDy th^ 
^ equation of the maximum or minimum is 

i 2 e + il -j- U sin. y-^C cos. v = 0. (900) 

ry ! Let H and a be taken so that 

'^ B=Hcos. «, C=Hsm.a; (901) 

and (900) becomes 

2q + A + Hsin. (v_«) = 0; (902) 

and by putting 

.' = 1' — a, (903) 

2§ + il + JJsin.t/ = 0i (904) 

which shows that (900) may be reduced to the form (904), 
from which the term containing cos. ^ disappears, by merely 
changing the direction of the axis of x. It does not, then, 
diminish the generality of the solution to put 

C=0; (905) 

by which (900) becomes 

2Q+A+Bsin.v=:0, . (906) 
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Greatest or least sarface. 

The curve is easily expressed in rectangular coordinates by 
the equations 

x = iAco3.p + iB sin.S " + i ", (937) 

y = iA sin. ^ — ^ jB cos. 2 y. (908) 

Corollary. When the extreme points are not fixed, the 
equation (900) becomes 

2 ? + ^ z= ; (909) 

that is, the curve is a circle. 

Corollary, When the length of the curve is not given, the 
equation (906) becomes 

2e + Bsin. * = 0; (910) 

which is, evidently, from example 3 of ^ 151 of B. II., a 
cycloid. 
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Curyature of a surface in any direction. 



CHAPTER VIII. 

THE CUBYATUBE 07 SURTACES. 

149. Problem. To find the curvature of a given 
surface at any point in any direction. * 

Solution. Let the tangent plane to the surface at any one 
of its points be taken for the plane of the coordinates x and y, 
so that the normal may be the axis of z. We have, then, at 
this point, 

D^zzziO, D^z = 0] (911) 

and if q^ and q^ are the radii of curvature at the point of the 
intersections of the planes of xz and yz with the surface, 
equation (610) of vol. 1 gives 

-^ = Dlz, J-=Djz. (912) 

The radius of curvature ^ of a section made in any intermedi- 
ate direction by a normal plane, which is inclined to the axis of x 
by the angle a, is derived from the equation 

y = i>2*, (913) 

if u denotes the distance of a point of the curve of intersec- 
tion from the axis of z. But the coordinates of one of these 
points are 

« = M COS. ff, y = ti sin. a ; (914) 

16» 
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Directions of groatest and Uast curvatare. 

whence, in general, 

D^ « = COS. « i>, « +8in. « D, z, (915) | 

l=JD;« = co8.3«I>;z + 2Bin.aco8.«i>J.,2 + 8in.2ai>j2 1 
C08.« « . 8in.3 a ^ ^ ^^ i coi. « Dl., z. (916) 



150. Corollary, The radius of curvature ^, in a direction 
perpendicular to that of a, is given by the equation 

1 sin.* a , COS.^a 



9' Qs 



-2 sin. a COS. aDl,y%. (917) 



151. Corollary. The sum of (916 and 917) is 

that is, the sums of the reciprocals of the two radii of 
curvature of any two perpendicular sections at a given 
point of a surface is a constant quantity. 

152. Corollary. If q were the maxim am radius of curva- 
ture at the point, q' would obviously be the minimum radius of 
curvature; whence 

The directions of greatest and least curvature of a 
surface at any point are perpendicular to each other. 

153. Corollary. The difierenee between (916 and 917) is 
4 — -=co8.2«(- — -^— 2sin.2«I>J.,«, (919) 

and in the hypothesis of the preceding corollary, the first mem- 
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Motion of point of coDtaot in diraotion pf gr«atd8t or least carvature. 

Ixfi Of (919) is a maximara. The diflTerentitfl coefficisDt of 

the second memher, taken with refereoce to a, musl be equal 
to z^o, that is, 

= sin. 2 ocf^ -. L \ 4- 2 COS. 2 « D\.^z, (920) 

The sum of (919) multiplied by cos. 2 «, and of (920) by 
sin. 2 a, is 

cos.2«(l-i')=i-i (921) 

Hence, from (918), 

U,(lH-l)-.»...(i-L) 

from which the cufvature of^ the surface can be found 
in a direction inclined by the angle a to the direction of 
maximum curvature, 

154. Corollary. One half of the difference between (919) 
multiplied by sin. 2 «, and (920) by cos. 2 «, is 

Z>2^.yz= — isin.2« /i — ly (923) 

155. Corollary. For the direction of the maximum or min- 
imum, a is zero or a right angle, and, therefore, for either of 
these directions, 

D%.yz=z0; (924) 

that is, with a small motion of the point of contact in 
the direction of the greatest or least curvature^ the tan- 
gent plane rotates about a line perpendicular to the 
direction of the motion of the point. 
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Direction of no cuirature. 

166. CoroUhry. When a ia half a right angle, (021 and 
022) give 

(?, = ^., (025) 

1.U, (!+•). ,^, 

157. Corollary, When the values of ^ and 9' have opposite 
signs, neither of the corresponding curvatures is strictly a min- 
imum, but the two curvatures are the greatest curvatures in 
opposite directions. There are, in this case, two intermediate 
directions of no curvature, corresponding by (922) to the 
values of «, 

tang.«=±v(— ^). (927) 

The sections of the surface, made in these directions, 
have a contact of the second order with the tangent 
plane, and correspond, in general, to points of contrary 
flexure. 

158. Corollary, In the case of a point of contact for which 
the greatest and least curvatures are in opposite directions and 
equal, we have 

(? = — ?'; (928) 

whence, by (918), 

^x = — (?y; (929) 

that is, the curvatures in any two directions, which are 
perpendicular to each other, are equal and opposite. 

We have also in this case, by (927), 

« = =t 45** (930) 

for the angles, which the directions of no curvature make with 
the direction of greatest curvature. 
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Curvature of a section which is not tiortnal to the surface. 

159. Corolianf. If the eufrtture w«r« required of k sec* 
lion, the plane of which did not include the normal, it might 
be found bj refening the surface to an oblique system of oo* 
ordinates, of which the tangent plane was the plane of «y, 
the cutting plane that of x z\ the axis of % being the intersec- 
tion of these two planes, and the axes of y and z' being per- 
pendicular to that of 7. This system might be obtained from 
the rectangular one, which has tlie same axes of x and y, but 
in which the axis of z is the normal, by putting 

h = the inclination of the axis of z to that of z\ (931 ) 

= the complement of the inclination of the given plane to 
the tangent plane, 

which gives 2 = 2' cos. 4, (932) 

l>2z«2>J«'cos.^- (933) 

or, by putting ?^ = the radius of curvature of the inclined 
section 

-=i COS. ^ (934) 

^^ = 5Cos. d. (935) 

160. Corollary. If the axes, in the preceding corollary, 
were rectangular, that of y being perpendicular to the given 
plane, and those of x and z situated in' any way whatever in 
that plane, equation (610) of vol. 1 gives 

IrXTTloTWir *^> 

- If we put 

T = the angle of ^^ and z ^ 

Y =as the angle of q and z, S 

and observe that the plane of q and q^ is perpendicular to that 
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Curvature of any point of the surface. 

of % and x^ so that if a sphere were described with the point 
of contact for the centre^ the arcs d, t^ y would form upon the 
surface a right triangle, of which r was the hypothenuse, we 
have 

COS. y = cot. T cos. fl. (938) 

But the comparison of (811 and 813) gives 

sec.y = V [1 + (i>» «)' + ('>.«)']» (939) 

and we have, obviously, 

sec. T = ^ [1 + (i>^ zY\ ; (940) 

whence 

1 1 sec. T Dl.z 



Q ^ Q^ sec. Y l+(^x «)^ 

Dl.z 1 



COS. 



1 + (/>. *)a • V [1 -h (^, ''?+ {D. zf] 



(941) 



161. Corollary. The curvature of a section of the surface 
made by a plane which includes the axis of z, and is inclined 
to the plane of 2; x by the angle «, may be found by the formula 

in which u = the distance of any point of the section from 

the axis of z^ 
whence 

x=f< COS. «, yzizu sin. « ; (^^^) 

1>„ ir=cos. «, Dj,y = sin. « ; (944) 

■ Du «==cos. • . i>, « -[- sin. « Z>y 2, (945) 

D; 2;=cos.2 • . Dl z+2 sin. • cos. • 1>L ^ z+sin.a • . J9J « ; (946) 

1 _ {Dlz + 2 tan. « . i>;. ^g+tan.^ . . D? g) cos, y . 

€ "" l+/>^«2+2 tan.. Jl>,2; i>y z+(l+i>y«2)tan.2 •' ^ ^ 
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1^! and since the codrdinates x, y, z do not themselves occur in 
m this value of the reciprocal of the radius of curvature, but 
m only their differentials, (947) is applicable to any point of the 
surface, and to any direction of the curvature, it being ob- 
served that « is the angle, which the plane, drawn through the 
axis of z and parallel to this direction, makes with the plane 
of xy. 

I 

162. Corollary, When the plane which is parallel to the 

required direction of curvature is also parallel to the radius of 
• curvature, (601, 598 and 599) of vol. 1 give 

cos. ^ DyZ 

tan. « = = -^r^ ; (948) 

cos. a D^Z ^ ' 

whence the product of the denominator of (947), by Dx z^, 
jji becomes 

D,z^ + Dxz!^ + ^Dx z^DyZ^ + DyZ^ + D^z!^ 

^ z=:{Dxz^ + Dyz') (1+Dxz2 + Dyz^) 

is = {Dz z^ + Dyz2) sec. 2 y ; (949) 

^^ and (947) becomes 

,^ \_ D.z^ Dlz+2 D.zDyZ Dl^.z ^DyZ^DU , . 
7 " Dxz^+Dyz2 ^'''- ^' ^^^^) 

163. Corollary. When the direction of curvature is per- 
pendicular to that of the preceding article, the plane which is 

jjl parallel to it is also perpendicular to that of the preceding 
^ article; whence, in this case, 

115 tan. «' = — cot. « = ■ 



I and (947) becomes 



D^z' 



'y 



e' 2>x«a + i>,z2 COS. y. (961) 
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Sum of any two perpendicular radii uf curvature. 



164. CoroUwry. Tbe sum of (050 aiMi 951) is 

'^'^ ^^-'^ ^ (9^) 

which is, by (918), the sum of the reciprocals of the 
greatest and least radii of curvature at tkep^ntx^ Vi^l 
or it is the sum of any two perpendicular radii of cur- 
vature. 

165. Problem. To find the greatest or hast surface 
which can be drawn under given condiiions. 

Solution. This form of statement embraces that portion of 
the problem of § 146 which was reserved for this chapter. 
Since a single equation between the coordinates of each point 
is sufficient to determine the surface, no such equation can be 
given; but there may be particular conditions involving defi- 
nite integrals, like those referred to in ^ 146. 

166. Corollary. When there is no condition what- 
ever, the required surface is absolutely the least surface 
of all which have the same boundary. 

In this case", the integral to be a minimum is (811 or 813), 
the variation of which gives 

/x fy . cos. Y(D^zD^Sz-{'DyzD^ Sz)= 0. (953) 
But, by integration, 
ftfy. cos.y Dxz Dt^zz^fyf^. cos. y D^Z DxSZ 

=/; . Dxz COB. Y^ «— /t/y • i>«(cos. Y D^z) ^ z, (954) 

(955) 
fxfy . cos.y Py zDy 9 z=fx .Dy z cos.y i Z'fxf^ . Dy (cos. y D, zY z ; 
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Least surface. 



whence, by regarding only the terms under the double sign of 
integration, 

0=zDx (cos. yDxz)-\' Dy (cos. y Dy z) 

=cos.y(Z)^x«+j[>'3,z)+Dx z Dx . cos. y+Dy z Dy cos.y. (956) 

But 

Dx . cos. Y = I>x. {Dz Z^+Py z2-[-l)""* 

= — cos.3 Y {Dxz Dlz-^-Dy zDl,y z), (957) 

Dy . COS. y = — cos.3 y (2>x z Dl .yZ+Dy zDlz)\ (958) 

which, substituted in (956), give by (952), 

^^ (l +i>y ^^) J^g— 2 DxzDyz Dl,yz + {1+D,z^) Dlz 
sec.3 y 

= ,- + f (959) 

©r ^' = — § ; (960) 

so that this surface is one in which every point is a case 
of <5> 168 ; that is, in which the curvatures, in directions 
perpendicular to each other, are equal and opposite. 

The plane is the most simple instance of such a sur- 
face, but there are other examples to an unlimited ex- 
tent. 

167. Corollary* The complete determination of these sur- 
faces must be reserved for a chapter upon the integration of 
partial differential equations ; but the following ingenious con- 
struction, propose^ by Monge, notwithstanding its obvious want 
of practical utility, which was acknowledged by its author, is 
17 
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Construction of minimum surface. 

sufficient to exhibit the possibility of such a surface, and give 
some idea of its nature. 

Let any curve line, of single or double curvature, be drawn 
at pleasure in space. Produce all its radii of curvature 
towards the opposite side of the curve from the centres of cur- 
vature, and to a distance from the curve exactly equal to the 
corresponding radii of curvature. The given curve line may, 
then, be assumed as a line of curvature of the required sur- 
face ; that is, as a line which lies upon the surface and has at 
each point, the same curvature with the surface in the direction 
of this line. The produced radii of curvature, will be the radii 
of curvature of the surface in directions perpendicular to the 
given curve ; and if the extremities of those produced radii, 
which are the corresponding centres of curvature, are fixed, 
and if all the points of the given curve are rotated with the 
radii about these centres, moving in planes perpendicular to 
the given line, each element of the given line will describe an 
element of the required surface. The given line in its new 
position will acquire a new form and become a new line of cur- 
vature, from which another elementary zone of the surface may 
be described by a repetition of the above process. 

The small arc, through which each point of the curve must 
move, is not arbitrary, but is limited by the condition that two 
successive radii must be in the same plane, so as to meet at 
the centre of curvature. 

168. Corollary. If the given curve of the preceding con- 
struction were a circle, the resulting surface would be a sur- 
face of revolution about an axis perpendicular to the plane of 
the circle and passing through its centre. The particular form 
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Minimum surface of revolution. 

of this surface may be investigated by taking the axis of z for 
that of revolution, so that if 

,/=x9 + y2, (961) 

z will be a function of u^ and will contain no other function of 
% and y. Hence 

BxZ = B^z,DzUz=.'XxB^z, "^ 

DyZ = ^yD,z, 

D!z = 2D^.z + 4x^Dlz, Dl,,z=i4xy D^z, 
Dlz=z2D„z+4y^Dlz; 



. (962) 



which, substituted in (958), give, by dividing by 4 cos.^ y, 

DuZ + 2u n,z^ +uDlz =0. (963) 

By putting v = ^ u, (964) 



we have _ 1 »> 



^ D,z^l-nu., 



(965) 



" 4»3 • ' 4t;2 

which, substituted in (963), give 



+ Dlz=fi. (966) 

Hence « - 1 -L '^'^ - n 
V "'■2>.z+i>.z'-" 

_l ,Dlz D,zmz 

the integral of which is, by introducing A as an arbitrary con- 
stant, 

log. il=log. »+log. D, «— log. V (1+^. z% (968) 
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Minimum surface of revolution. 
or A D^z 



Hence ^ A *^^«v 

and if q> is taken so that 

r=ilCos. y, (971) 

(970) gives 

Dqt , zm D^z . Dff V z=, A Sin. q> D^ z 

z = A9i (973) 

and the equation of the surface is 



= J4(ei+e-i)- (97*) 
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CHAPTER IX. 

THE CUBATURE OF SOLIDS. 

169. Problem. To find the measure of the volume 
of a given solid. 

Solution. Let the conditions of the bounding line be ex- 
pressed by an equation between three variables, /, m, and n. 
Suppose two surfaces drawn infinitely near each other, in such 
a way that n is constant throughout their extent. If, then, F 
denotes the required volume, we have 

dn F=: the lamina included between these two surfaces. 

If two other surfaces are drawn infinitely near each other, in 
such a way that m is constant through their extent, we have 

dm dn Vz=i the small solid rod included between these four 
surfaces. 

If two more surfaces are drawn infinitely near each other, in 
such a way that / is constant throughout their extent, we have 

di d^ dn F = the infinitely small parallelepiped included be- 
tween these six surfaces. (975) 

If s' denotes an arc of the intersection of two surfaces for 

which m and n are constant, s'' an arc of the intersection of 

two surfaces for which I and n are constant, 5''' an arc of the 

intersection of two surfaces for which I and m are constant; 

17» 
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General expreMion for the element of Tolmne. 

and if al is the inclination of s" to ^** at the point of meeting, 
d* that of 5' to 5''', and d" that of x' to s** ; and if 6 is the in- 
clination of sf" to the surface which inclndes 5' and 5'' ; the 
sides of the small parallelepiped will be dz\ ds'\ ds"' \ 

the face which includes dt^ and ds^'^= sin d" ds* ds" 
the distance of this from the opposite face = sin. b ds'" ; 

whence 

di d^ 4 V= sin. d" sin. h dsf ds" d s"'. (976) 

But I is the only variable in 5', m the only one in s''^ and n the 
only one in s"\ whence the accents may be neglected, by di- 
viding by dl , dm . dn, and (976) gives 

(977) 
D?, «,n V=Di.D^ . D„ V=: sin. a'" sin. b DiS .D^s .D„s; 

in which Di s, D„ s, and I>„ s may be deduced from the gen- 
eral expression for the differential of an arc in space, by put- 
ting successively each pair of the quantities /, «t and it, equal to 
zero. The value of V is, then, the third integral of (977). 

. 170. Corollary, If one of the vertices of the parallelepiped 
is taken for the centre of a sphere, of, a", of" will form, by the 
intersection of the sides of the parallelopiped with the surface 
of the sphere, a spherical triangle ; in which b will be the dis- 
tance of d" from the opposite vertex. 

Hence, if A' is the angle opposite d, and . if if is the ratio 
of the sines of the sides to the sines of the opposite angles, so 
that 

jf=!|2l4, (978) 

sm. d ^ ' 

we have 

^ sin. b = sin. d' sin. il'= M sin. d sin. a" ; (979) 
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Cubature of solids of jovoltttion. 

and (977) becomes 
!>?.«. ^.r= if sin. a! sin. a" sin. d". DiS.D^s ^D^s. (980) 

171. Corollary. If /, m, n are the rectangular coordinates 
«, y, z, we Jiave by (726), 

ds^ = dx^ + dy^ + dz^ (981) 

a' = a'' = a'" = J^, Jf=l; (982) 

and (980) gives 

I>J.,.,F=1, (983) 

^ =/././. 1 =/,/. ^ =/,/. y =fj. a:. (984) 

172. Corollary. If /, m, n are the polar coordinates of 
^ 73 of B. L, the equations (31, 32, 33) of vol. 1 give, by put- 
ting 

u = r sin. 9 ^ 

y =z tt cos. fl \ (986) 

% z=.u sin. d, ) 

difi'\-dy^'{'dz^ = dx^+du^ + u^ d^^ 

= dra+ra Jfla + rasin-ayrfaS (987) 

173. Corollary. If the coordinates are x, », d of the pre- 
ceding corollary, (987) gives 

i>J.«.« Y=u (990) 
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Volume of sphere, ellipsoid. 

174. Corollary, If the given solid is one of rerolution about 

the axis z, of which a segment is required formed by two planes 

perpendicular to the axis of revolution, z may be substituted 

for X in (991 )> and the integrals relative to a taken from to 

• *2 TT. Hence 

V=2nJ"^^ ^.U^znJ'^.U^^^nf.ZU. (992) 

175. Examples. 

1. To find the volume of the segment of a sphere. 

Solution, If R is the radius of the sphere, and if the axis 
of z is perpendicular to the bases of the segment, (992) gives 

V=^/,. (122 — 22) 

= ^12M^i— «o) — *^(«^ — ^?)- (^3) 

Corollary, The solidity of the sphere is ^ tt R^, (994) 

2. Given the volume F of a solid included within any sur- 
faces whatever, the combination of which, considered as one 
surface which in general is discontinuous, is represented by 
the equation 

Jl (x . y . «) = 0, (995) 

to find the volume F of a solid included within the system of 
surfaces 

p.(i, £,:-)=«. ««6,. 

Ans, V'z=abc V. (997) 

3. To find the voliAne of the . segment of an ellipsoid in- 
cluded between two planes drawn perpendicular to either of 
the axes of the ellipsoid. 
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Volame of byperboloid and paraboloid. 

Ans. If A, B, C are the axes of the ellipsoid, if the planes 
are drawn perpendicular to the axis of C, and if F is the 
solidity of the segment of a sphere whose radius is unity, the 
segment being included between two planes drawn at the dis- 
tances ^ and -^ from the centre, the required volume is 

V = ABCV. (998) 

4. To find the volume of the segment of an hyperboloid in- 
cluded between two planes drawn perpendicular to that axis, 
for which the sections made by the planes are elliptical. 

'Ans. If Cis the axis perpendicular to the planes, and if il 
and B are the other two axes, the required volume is 

V=zi7^^{4-4):h^AB(z,-z^), (999) 

in which the upper sign corresponds to the hyperboloid of one 
l^ranch, and the lower sign to the hyperboloid of two brsinches. 

5. To find the volume of the segment of the paraboloid, in- 
cluded between two planes drawn perpendicular to the axis of 
z, the equation of the paraboloid being 

a)+(i)=<^^ , (■•) 

Ans. J;r^J5C(«J— i^). (2 a) 

6. To find the volume of the segment of a solid of revolu- 
tion included between two planes, drawn perpendicular to the 
axis of revolution, when the revolving arc is that of a cycloid 
about the axis of x in (130) of vol. I. 

Am. F= i jRa ^ (sin. 2 dj—sin. 2 ^o)— 2 JB* ^ (sin. d,— wn. &o) 
+ 3iJ9 7r(fl^_flJ. (3 a) 
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Solid of least gurface. 

7. To find the Yolume of the segmeiit of the solid of revo- 
lution of § 174, when. 

u=z B Cos. 2 • (4 a) 

Ans. F=iilJB3;r(sin.^'-Sin.?|-"WjS2:^(2j-«o). (5a) 

176. Problem. To find the maximum or minimum 
volume which can be included by a surface drawn under 
given conditions. 

Solution, Since th^ general expression for the volume is 
reduced to the form of a double integral, this problem is pre- 
cisely similar in its solution to that of § 165. 



177. Examples. 

1. To find the maximum or minimum volume, which 
can be included within a surface of a given area. 

Solution, Since the double integral (964) is to be a maxi- 
mum, while that of (811) is to be constant. We have, by 
§ 166, if il is a constant multiplier, 

or 1,11 ,„ . 

that is, the surface is one for which the sum of the recip- 
rocals of the greatest and least radii of curvature at each 
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point is constant. The general equation of this sur- 
face has never been obtained, but 4he sphere and the 
cylinder are evidently cases of it. 

2. To find the solids of revolution which are solutions of the 
preceding problem. 

Solution, Let the axis of z be that of revolution, and by 
putting 

(7 a) becomes, by means of (952), 

«(1 + Z>„z2)l ^ ttV(l+i>«a**) (l+D.!tS)i'^ "' 

Let V be taken so that 

« = v(r+A:^' ^^'"^ 

whence 

log. V = log. « + log. D.z — i log. (1 + D, *9) ; (11a) 
the diSerential of which is 

i)„ « 1 DU DuzDU 
V ~u'^D.» 1+X>«2* 

1 2>« 2 

=«+i)ur+z)„2*)' ^^^"^ 

which, maltiplied by (10 a), gives by (9 a), 

'•^-i'^(l+lKz^)i- A/{1+D,zy (l+i).2»)J ~ A' 
The integral of this equation is 

v = -^^ + B., (14a) 
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Solid of revolution of least iorface. 

in which B is an arbitrary constant. But if t is taken so that 
• l>«« = cot. T, (15 a) 

(10 a and 14 a) give 

t;=t<cos. T, (10 a) 

cos.r = _JL. + J, (17a) 

-J. + cos.:» .)=-+-, (18a) 

u =A cos.T-V(2^ J5+il«cos.%), (19 a) 

_^ ^ . , il^sin. tCOs. T 

D,u =-A «°-^+ ^(2^B+^.co i7;)' ^^ '> 

■ D^z =-A cos.H- ^(g^g+^.^^ -^ . (21 a) 



^( 



If 6 is taken so that 






(22 a) 



\^{A^ + 2AB) ' 
(21 a) gives, by the notation of elliptic integrals, 

\/(2 A B+A^ C0S.2 T)= ^/(A^+2 A B) . ^t. (23 a) 

D^x=.-A COS. -+;^ (^.^2^^).^T + V(^2+2^B) ^"'^^^> 
2= — ilsin.T + (^— 2^)cJ't-[-2c5JE:t;^ (25 a) 

and z may be found in in terms of ti, by substituting (19 a) in 
(35 a). 

The preceding solution applies strictly to that case only ia 
which A and B have the same sign ; for, when they have op- 
posite signs, e becomes greater than unity, and when B is also 
greater than A^ e is imaginary; but these cases are solved 
without difficulty. 
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Greatest solid under given conditions. 

8. To find the greatest solid of all those for which 

/,/,sec.2y,* (26 a) 

has a given value, r being the inclination of the tangent plane 
of the bounding surface to the given plane of xy. 

Solution. If A is-the constant multiplier of (26 a), the equa- 
tion of the maximum is 

l^A-'Dlz — A-'Dlz=:0, ^ '(27a) 

which is easily derived from the equation 

sec.2 Y = l + D,%^+ D, z\ (28 a) 

Let V be taken so that 

z = iA{xJ^yY+v, (29a) 

which gives 

Dlz = iA+Dlv, (30a) 

Dlz = iA + Dlv; (31a) 

which, substituted in (27 a), give 

Dlv + Dlv=zO. (32 a) 

Let now 

»i=i-(-y\/ — 1, n = x — y V — 1; (33 a) 

and we have 

Dlv =z Dlv + 2Dl,,v + Dlv, 

which, substituted in (32 a), give 

Di,„v=iO =D^.D,v. (36a) 

18 
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Greatest solid under given conditions. 

Hence 1>„ v is a function, whose differential coefficient taken 
relatively to m is constant^ and may, therefore, be any function 
whatever of n, represented by N; that is, 

D^vzizN. (36 a) 

Hence » =/„ iV=/.n + Jim, (37 a) 

in which y and F are any arbitrary functions ; f . n is the 
function whose differential coefficient is N, and Jim is the 
arbitrary quantity which is constant relatively to n ; that is, 
which does not vary with n, but may be any function whatever 
of the other variable m, and which is added to .complete the 
integral. By the substitution of (33 a), (37 a) gives 

v=:f.{x+!fs/-^l) + F{x-y^-l). '(38a) 

If we put 2^ = /'+ ^ — \.F' (39 a) 

F=f'— V — 1.^'. (40a) 

in which f and F' are real functions, the value of v becomes 

(41 a) 

from which the imaginary quantities will wholly disappear. 
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Order and degree of differentia] equations. 

CHAPTER X. 

INTEGRATION OF LINEAR DIFFERENTIAL EQUATIONS. 

178. A di£ferential equation is said to be of the same 
i^rder with that of the highest differential coefficient 
which it involves. 

The degree of a differential equation is determined 
in the same way as that of an ordinary equation, except 
that the independent variables are neglected, and each 
differential coefiicient is counted as a variable. 

Thus the equation < 

ADlV'\-B DT^ V + &c. + A'Dl v+B' D"^^ v + &c. 

+ JE />:-«. l>J»t;-|-&c. +6 w +71=0. (42a) 

is of the n order ; but it is only of the first degree, or linear ^ 
if the coefficients A, B, &c. involve the independent variables 
X, y, &,c., but do not involve », &/C. 

179. Any equation, which is of a less order than a 
given differential equation, and satisfies it by the aid 
of differentiation without the assistance oT any other 
equation, is said to be an integral of the given equation. 
The integral is said to be complete when it contains the 
greatest possible number of arbitrary quantities. 

180. Problem. To integrate several given equations, 
between the variables ar, y, z, i/'c, and their differential 
coefficients taken with respect to the independent varia- 
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ble ty when the given equations are linear, and contain 
no term ifidependent of x, y, z, Sfc, and when all the 
coefficients are constant, and the number of equations 
the same with that of ar, y, z, Sfc. 

Solution, If the following expressions are assumed for the 
variables 

x=: A c'S y = Be" &c., (43 a) 

in which 5, A, B, &€., are constant, their differentials give 
DtX= As e", Dt y z=:Bse", &c. ^ 

D'lx^zAs^e", D]y = Bs^e", &.C. > (44a) 

&rC. &.C. } 

If these values are substituted in the given equations, these 
equations will evidently become divisible by 6''; and the di- 
vision hy this factor will free the equations wholly from 
variables, and reduce them to equations between 5, A, B, &c., 
in which A and B will have a linear form. If all of the con- 
stants A, By &/C. but one, as A^ are eliminated, the result will 
be a single equation involving A and 5, in which A^ however, 
will be a factor of the whole equation ; so that the division of 
this equation by Ay will lead to a final equation, involving no 
other unknown quantity but 5, and which will serve to deter- 
mine s. Let the equation for determining s be denoted by 

^ iSf = 0, (45 a) 

and each root of it will give corresponding values of A, B, 
d&c, or rather of their ratios, and thence values of x, y, &c., 
which will be integrals of the given equations. 

181. Corollary. The number of integrals found by the 
preceding process, will be the same as that of the different 
roots of the equation (45 a) ; but all these integrals can be 
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united into one expression. For it is evident that, if £« , y, , 
&c. denote any one of these systems of integrals, 

X = X x^-^L' ^.i-j-^c, y = JC. y,-|- 1^* y»' + ^^' (46 a) 

will also be a system of integrals, in which Z, L'^ &c. will 
be arbitrary ; for the linear form of the given equations will 
cause the multipliers of Z>, L'^ &c. to become th esame func- 
tions of a;, , y, , &c., which the whole equations are of a;, y, 
&c. ; and therefore a;, , y, , &,c, will satisfy the equations in 
the same way as they do when they are by themselves ; that is, 
the aggregate of the terms' dependent upon them will be zero. 

182. Corollary, If the first member of the equation (45 a) 
is reduced to the form 

s^ + as^-^ + fcc, (47 a) 

the expressions 

will, by the notation of the residual calculus, include all the 
terms of (46 a), provided that the residuation is performed 
relatively to s, and that A, B, C, &/C. assume a new system of 
values for each root o£ S, The forms (48 a) might, indeed,^ be 
directly applied to the integration of the equation, by perform- 
ing the differentiation under the sign of residuation. 

183. Corollary, It may be remarked, that ilyJB, &c. are 
integral polynomials in terms of s ; and if, indeed, they were 
not so, the multiplication of each of them by their common 
denominator would reduce them to such polynomials. Neither 
of them is a polynomial of a higher degree than the (n — 1 )st ; 
for if either of them were of a higher degree, the division by S 
would reduce such a term to the form 

QS+R, (49 a) 

18* 
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in which R, the remainder of the division, must be of a less 
degree than S; and (49 a) is by (45 a) reduced to R. 

184. Corollary, If the values of A, B, &c., in (48 a), 
change their values for different roots of S, only so far as Ihey 
should to conform to the sign of residuation, the values (48 a) 
will involve only one arbitrary constant, which is a factor of 
each of the quantities Ay B, &c. But if this arbitrary con- 
stant is reduced to unity ; and if ^, B, &c. are then multiplied 
by the polynomial 

«s"-* + /5s"-^+&c., (50 a) 

in which «, /*, &c. are arbitrary constants, the requisite num- 
ber of arbitrary constants is again introduced into (48 a). The 
values of (48 a) may, by the process of § 183, be reduced to 
the form 

(51a) 
^_ f (X,«+ilf,(i+&c.)e" f,{Ly<'-\-MJ -\-&,c.)e" 



((«)) 



-.y=r- 



((«)) 



, &c. 



in which L,, L^, M, , My, &c. are integral polynomial 
functions of s, neither of which exceeds the (n — l)st degree. 



185. Corollary. The differentials of (51 a) become, by the 
same method of reduction, 

n , o(Xxo + JH;i» + &c.)se" 

' ^^ VM 



- r (^x a-\-M: ,» + &C- ) g" 



DU = t 



(i;'« + ji;i»+&c.)e" 



&C. 



_'p (£;„ + .af;^ + fcc.)e" 



> (52 a) 
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186. Corollary. If Xg, y^, &c. ; x'„, yi, &c. ; x'o , &c., 
represent the valaes of x, y, &c. ; D, x, D, y, &c. ; D] x, &c. 
wheo / vanishes ; and if 






' ^x — ^7^l^^ ' *•"•' ^' =^ 






((«)) 



((«)) ' ^* - ^{{S))' '^°-' 
equations (51 a and 52 a) give 



(53 a) 



'\ 



If the number of the equations (54 a) is taken equal to that of 
the constant «, p, &c., the values of «, p^ &,c., may, bj the 
usual process of elimination, be found in terms of Xq , t/^y &c. 
The expressions of «, /?, &c. in terms of a:^ , y^ , &c. will 
clearly be linear functions of «, /*, &c. ; so that if these values 
are substituted in (51 a and 52 a), the expressions of x, y, &c. 
will contain x^^y^, &c., in the same linear form in which 
they now contain «, j9, &/C. The values of «, /*, &c., in (51 a 
and 52 a), might, then, have been assumed at once as identical 
with Xq^ y^y &c., and the corresponding values of a;, y, &,c. 
would be 

« Lxx^ + Z>; + &c , -f Mx yp + &c. - 

- C^ ((^)) ' 

_ <. Xy a;^ + X; a;o + &c. +.itfy y^ + &c.\ ,, 

&c.; 



^ (56 a) 



in which, it may be observed, that the values of Lx^ if«, &c. 
are entirely distinct from those in (51 a and 52 a). 
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187. Lemma. If F denotes the value which zf. x 
acquires when x becomes infinite, we have 

F=l{{f,x)), (56 a) 

whenever /. x denotes a rational fraction, of which the 
degree of the numerator is less than that of the de- 
nominator. 

Proof. It follows from (216 and 219), that, in the present 
case, 

f.z=l}lLJ^, (57 a) 

the product of which by z is 

^f.^ = llM^). (58 a) 

But when x is infinite, (58 a) becomes 

F=L{{f-^))=ti.{f-^))- (69 a) 

188. Corollary, When the excess of the degree of the de- 
nominator of y*.x above the numerator is greater than unity, 
(59 a) becomes 

0= £((/•>:)). (60 a) 

189. Corollary, When the excess of the degree of the de- 
nominator of y. X above the numerator is exactly unity, and 
when /. X is of the value (217), (59 a) becomes 

I =£((/• =^))- (61a) 

190. Corollary, Since, when t becomes zero, the values of 
X, y, &c. (55 a) are reduced to a;^ , y^ , d&c. ; the polyno- 
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roials Lxt M^ ^ Z»y , Z/^ , &c. must be of a less degree than 
the (» — l)th; while i^ , ify , &c. must be of the form ^ 

s-i + j5'^ + &c. (62 a) 

The form of 5 Zz is, therefore, 

5» + 6s'^*+&c. ; (63 a) 

so that, by (47 a), sL^—S (64 a) 

is of a less degree than S, We have, then, by denoting (64 a) 

But when i vanishes, D^ % is reduced to x^ , and therefore 
5 L'x must be of the form (62 a), while L^, , s Mx , &c. must 
be of a smaller degree. We have then, again, by the differen- 
tiation of (65 a), 

and a similar train of argument may be continued to the higher 
differential coefficients. 

191. Corollary. If, in the given equations, there are 
substituted for 2, />, x, D] x, &c., the quantities contained 
under the sign of residuation in (55 a, 65 a, 66 a, &c.), those 
equations must be satisfied. The reverse process, therefore, 
of substituting for DtX, JHtl/y ^c-> ^^^ ^ ^> ^y, &c., but 

sx — Xf^S,—, sy — yo^"5> ^^'* ^^^ ^^^ J^t^f ^c., 

52 z — {xq'\-sXq) jS^— ,&c., must give again the parts of 

Xf y, d&c. in (55 a), which are under the sign of residuation. 
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192. Corollary, If ^^ be taken to denote the expression for 
8 when D^ is substituted for «, and if |Li jfW* ^^m denote the 
expressions which L, H, &.c. assume by the same substitution, 
and if ^ be taken so that 

we shall have ^^j= » e. ^ (68.) 

and the values of z, y, &c. (55 a) will become 

y=(lt,z,+lL;zi + &c.+SW,yo+&c.)0, 5 ^^^*^ 
&c., 

in which ILz ^'C. are not proper factors, but express functional 
operations to be performed. 

The value of f would be obtained by eliminating z, y, &c. 
directly from the given equation, in which process D^, D^tt 
&c. are to be treated as though they were factors. The values 
of z, y, &c. (70 a), will then be obtained by the same process 
of elimination, from the equations, which are obtained from 
the given equations, by substituting 

JD.x^x^ r e for DtX, ^ 

Dty — y^F® forAy, &c. V (71a) 

D\x^{x;,+x^D,)F e, ) 
^c. 

This is Cauchy's method of integration, and the function ^ is 

called the principal function. 
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193. Corollary, When the equation (45 a) has several 
equal roots, the corresponding systems of values in (46 a) 
would seem to coalesce into one. This loss of terms, and 
therefore of arbitrary constants, is, however, unnecessary ; for 
if the roots 5, 5', s", d^c, instead of being equal, differed infi- 
nitely little from each other, so that 

s'=5 + h, s"=s'+h':=is + h+h', &c., (72a) 
in which A, h\ d6C. are infinitely small, we shall have, by 
(416) of vol. 1, upon putting 

B=zA'h, B'= A'' h\ C = B' A, &c. , (73 a) 

A'^''=:A'e"^*z=:A'e" ^*=A'e"+A'h t e"=A'e"+B t c" } ,^ . , 

' > (74 a) 

A"e'"'=A"e"*+B't e'''=il V+(il"A+J3')^ e''+Cfi c" ) 
&c. 
The new terms, multiplied by f, t^, &c., which are thus in- 
troduced, are just sufficient to replace those which are lost by 
addition. These very terms are also introduced by the process 
of residuation, for this process requires, by (182), one or more 
differentiations, whenever the roots are equal, and each dif- 
ferentiation will have to be applied to c" in (55 a). But by 

(481) of vol. 1, 

l>rc" = rc", (76 a) 

whence the differentiation will, evidently, introduce the re- 
quired terms. 

194. Problem. To integrate several linear different 
tial equations between the variables x, y, ^c, and their 
differential coefficients taken relatively to the independent 
variable t, when all the coefficients are constant, the 
terms which are independent of x, y, Sfc. are given 
functions of t, and the number of the, equations is the 
same with that of the variables. 
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Solution, When the functions of t are reduced to zero, 
this problem coincides with the preceding one ; and if I, v, 
&,c. denote the corresponding values (70 a) of z, y, &c. 
obtained by the preceding process ; while X, F, &c. are par- 
ticular values of x, y, &c., which satisfy the present problem, 
the values 

a; = l + jr, y = v+Y,&,c. (76a) 

are complete values of x, y, &c. for ^, v, ^c., involve the re- 
quired number of arbitrary constants. 

The problem is reduced, then, to obtaining these particular 
values of x, y, &c. For this purpose, let the subsidiary 
quantity r be introduced, and let 

e^C^e^C'^y (77 a) 

SO that e^ is the value which B assumes when t is changed into 
t — T. If, then, X, IT, ^c. are the values, which ^, i^, &c. 
assume, when © is changed to 0^, and when for Xq, Xq, yo, 
&c. are substituted JTz , JTi , ZJ^y , &c., which are functions 
of T, and if the integrations in the following formulas are per- 
formed relatively to r, we may put 

X = /5X, r=/i¥, &c. (78a) 

The. differentiation of (78 a) relatively to t, involves not only 
the differentiation of X, ¥, &c., under the sign of integration, 
bat also the changes arising from the change in the limits of 
integration. If then Xt, Yt,^^^'y are the values which 
Xj 1^> ^'C., assume when t is changed to t, the differentiation 
of (78 a) gives 

D,X=X,+fiD,x, ^ 
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If, again, we put 

X'==i>rX, If' = />,¥, (80 a) 

another differentiation of (79 a) gives 

D^,Xz=Dt Xr+ x; +/S -^J ^» &'C- (81 a) 

By the substitution of X, Yy &rC. for x^ y^ &;c., in the given 
equations, the terms under the sign of integration must dis- 
appear, for the terms under this sign in the values of X, Dt F, 
&c. differ from the values of '^, 17, &c. in nothing bpt the com- 
mon factor fT*'^, and the writing of the particular ibrms S!« , 
Ci , &c. for the arbitrary constants x^ > ^o> &o. 

The substitution of t for t reduces c*^'— ^) to unity, and if 
^a; , 7^ , are the same functions of /, which JTi and JT, are of t, 
we have, by § 190, 



¥, = 2;, &c. 



L (82 a) 



Hence, by the omission of the parts of (78 a, 79 a and 81 a), 
which are under the signs of integration, they become 

r=:0, D, F= 7; , &c. ; \ (®® ""^ 

and the substitution of these values in the given equations, 
reduces them to linear differential equations in which jTx , 7^ , 
Ty are the variables, and the order of the equations is ]«ss by 
one than that of the given equations. Thus the number of 
these variables being greater than that of the equations, 
19 
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enables as to take eertain of them at pleasure. Thus of th 
quantities Tz^ T'^t dec., all but one may be supposed to b 
zero ; of Ty , T, , all but one may be zero ; and in the sain< 
way with the others. 

The selection of the quantities T^ , &c., which are to re 
main of a finite value, is immediately fixed, by the coDsidera^ 
tion that the resulting equation should be of as low an ordei 
as possible. It is generally possible to select those quantities 
which correspond, respectively, to the highest order of diffe- 
rential coefficients of x, y, &c. ; and with this selection the 
resulting equations are wholly firee from difl^rentials, and are 
solved by simple elimination. In any case, however, it seems 
possible te make a selection which will avoid the necessity of 
integration. 

195. Corollary. When $ is nothing, the vdues of JT, Y 
must vanish, as well as all their differential coefficients of an 
order inferior to those which correspond to the quantities in the 
series 7^, T^^ &c., which are retained as finite. Hence the 
corresponding values of x^ y, D^ x, &c. will be reduced to 

196. Examples. 

I. To integrate the differential equation 

D^x + a Dr' a; +&C. =U, (84a) 

in which {/' is a function of t . 

Solution, In this case, the value of f becomes at once 

r=i:2>? + al>r'+&c. =f.Dr, (85a) 
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of. Hence iS = 5'' + a«*-* + &c. =/.5, (86 a) 

^^ by taking/, to denote the integilil function, which constitates 
;ai the second members of (85 a and 86 a). We have also 

and the equation for determining ^ is, by (71 a), 
(2>? + ai>r + &c.)S 

-[«o(J^*+«^^■^^^c.)+«; (z>r»+ai>r^+&c,)+&c.]/r ©=o 

or (88 a) 

r H*o(i>r'-H»i>r®+<fcc.)4^;(i>r»+ai>r*4-&c.)4.&c.]f' 0=0 ,- 

whence (89 a) 

Ify in the development of the expression 

the exponents n, n — 1, &c. of x^ , are regarded as expressing 
the number of accents, and if the term which does not contain 
Xq is multiplied by x^ the value (89 a) may be expressed in a 
more simple form ; for we shall have 

» To obtain the value of JT, let Q9 be the value which U 

assumes when t is changed to 7, and by omitting the accent of 

Tx as unnecessary', we have by ^ 194, if we suppose all the 

quantities in the series T, » ^ec* to vanish hot the (n—- l)at, 

r.=»; «. = «; (92a) 
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whence, by (78 a, 76 a and 91 a), 

X=fi9Si% (93 a) 

L^t — *o 
2. To integrate the diiTerential equation 

Solution, In this case, we have 

/.2>, = 2>?— (a + 6)0; + a6J?, = A(A — a)(A — i) 
S=zs {s — a){s — b) 

^^^ =x,[2>«_ (a+6) D,+a b]+xi [A-(«+*)]+*o 
-^< — *o 

f'Dr-f.^0 r »o[»''-(q+fe)^+a »]+^^ [5-(trf6)]+x; ' „ 

« + 6 1 









a{a--4>) ^ 6 (a— 6) 

-^-y T--6((,(,.«)(,.6) ))- C.52 ((,(5-«) (5-6) )) 

_ c^g ce^'— c(a^ + l) cg^' — c(6f + l) 
■" 2 a 6"*" a3 (a— 6) 63 (a— 6) 

and xzsl-l*'^* 

3. To integrate the differential equation 

1>; a; — 3a I>?aj-f-3 a^ 1>, ar— a3 X = ie*'. 
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&bitun. In this cue, we hare 

i8fra:(s--a)3 
•^^=x,(i>^)«+(xi-a xJ(i>.-a)+(x;'-2 axi4-«««,) 

4. T« integrate the differential equati<»i 
iy,x-\- a^DtX:=bwi. mt. 

SeiaioH, In tUs caae, we bare 

/. i>. = (D»+ «» i),) = D, (iy, + ifi) 
<8=4(4»+aa) 

=x.+ 5 sin. «<4-^ 8in.9*a< 
19* 

Digitized by VjOOQIC 



IHTCOBiJC OALCDE.08. [b. V. CH. IX. 



Linear difierential equations with oonatttit ooeffioients. 

-^ ((5(^^a2))) -C (m^a2)((.(5« + «a))) 
6 , i»6 / COS. m * COS. at\ 

Corollary, When m is equal to a, the value of JT becomes 
-A= -5 ( 1-cos. a ty g =3 sin. J a f (sin. Ja <-J a t cos.^a *). 

5. To integrate the differential equation 

1)2 X— (a+6) 1>, x+a 6 x = A t^^* e"^ '-f / sin. » t. 

Ans X z^ (^^-^^o)^^H«V^»oK ^ I 2*(a«+at+&«) 
a — 6 * a^b^ 



2h{a+b)t . Af9^ 2- 



Aa*" 2Ae*' 



(a— 6) 6« (a— 6) 

■ ke'^' ke^ ke'' 

"T- (m—a) (m—b) (m-a) {oh-by (m-6) (a-6) 

. /(g 6 — n^) sin, n ^+» ^ (g+^) <^Qfl' w ^ 
■^ (aa + n^XAa + n^) 

■ /ng'^ Zne** 

"*" («'+»^) («— *) (6»+»2)(a— 6) • 

When f» = a^ the term? multiplied by k become 
kte"^ k{e'^ — e'') ^ 
a^b (a— 6)9 ' 

when m = 6, the terms multiplied by k become # 

kte" k{e'' — e^) 
a—b + (a— 6)2 • 
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6. To integrate the differential equation 

!>;»— 2a 2>,x+aax = A^« +*€*' + /Bin. nt 



+ * [6 + 4a* + aa^a+2(a^ — 3)c-'] 



Ans. xszzXq tf^^ {x'o — a x^) 1 1' 
-4a* + aa i^-^^SL^at 

+ . a4^,.a [(fl^--ng)8in. nf+(a»+ii2)n^ e«<+2 an(coB. n ^-e««)]. 
When m = a^ the terms mnltipHed by h become 

7. To integrate the differential equation 

I]^,%\a^xz=zht^^he^'\'l%\VL.nU 

X* h 

Ans. « = — sin. a ^+«o ^^os. at-}- — (a* <* — 4 sin.» J « 

A(a e"^-a cos, q ^-i» sin, a t) I (nsin. at — a sin. n t) 

- When n = a, the term multiplied by / becomes 
-r— 5- (sin. at — at cos. a t). 

8. To integrate the differential equation 

i>t z = x. <9S a) 

+ iK— 0«>s.* + i(x;— <')sin.t 
=4 (»o+ »V) Cos, ^ + J (xi +«;i') Sin. # 
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9. To integrate th6 diCerentMl eqtulioa 

I}\z + z:=z^ (97a) 

in which ti s»Cos. (Vi-O^^* Wi«^)- (90 ») 

10. To integrate the difierential equation 

D;x^x. . (lb) 

in which, when n 10 an odd namber, 

«=:l[*' + 8*.e""'- ^cos.(*sin.a^)]. (3b) 

where 2 denotes the som of all the terms which are obtained 
by substituting for m all the integers from 1 to } (n — 1) in- 
clnpiTe; Bttt when 11 b an even number^ which is not divisibie 
by 4, 

(4 b) 

v=-| Cos.^-f^x.Cos.f f COS. ^1.oo8.l<8in. I i, 

where 2 denotes the sum of all the terms which are obtained 
by substituting for m all the integers frinn 1 to } (j^ »-— 1) in- 
clusive; When n is divisible by 4, 

(6 b) 

ii==-rCo6.^+cos.e+22.Co6./^co6. — Vcos./<sin.-^\"l, 

where 2 denotes the sum of al! the terms which are obtained 
by subfltiiiithig fer m all the integers ftov 1 to^ n — 1 inclu- 
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11. To integrate the differential equation 

i>» X + X = 0. (6 b) 

Ans. x^uxo + jyr^ ti . xi + l>J-2 w . xH + &c., (7 b) 

in which, when n is an odd number, 

(8 b) 

where s is used as in (3 b). When n is an even number, 
which is not divisible by 4, 

tt=-rcos. ^+2 5.C0S. It cos. (2 m-l)-)cos. (t sin. (2i»-l)^)_ 

where s . is used as in (4 b). When n is divisible by 4, 

«=-[5 .Cos. It cos.(2 m-1 A COS. ft sin. (2 m— 1)^) •l(lOb) 

where s . denotes the sum of all the terms which are obtained 
by substituting for m all the integers from 1 to j^ n inclusive. 

12. To integrate the differential equations 

D\y^a!x+h'y^Y, $ 

in which X and F are functions of t, ^ 

Ans, In this case we have 

r =.(!>?.+ a) (/>? + 60 — «'^ (12 b) 

jSr= (52 + a) (52 + 6^ —a* b (13 b) 

S = [{Dl+b')x',+{Dl+h' Z>0xo-6 yi-6 yo A] ® (14 b) 

,= [(l>?+a)yi+(l>f+aA)yo-«'a^i-a'JCoI>J 0; (15b) 
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Linear difierontial equatioiw with comitaiit co^Coi^ntB* 
and if 

#« fi ^ fi 



2n a/ (m — «) 

(« — «— n) yi — a' asj . ^ . , ^ 



(I6b) 



2fi 

"""'" COS. / V («»+«). (17 b) 



(a— »»— n) yp — g" gp 



2ii 

If, also, Xs IT itre the valaes of X, Y when t is changed 
to T^ and if the integrals in the following expression are taken 
relatively to t, 

, ^, (b'-^'^+n) X — h'S,, , ^ . 

-/'• ''^7^.r' ''>-"-''vc^-'). 0") 

we have x={+S', y=n + n*. (30b) 
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Linear differential eqaations with constant coefficienta. 

When (m — n) is negative, — ' ./ "^ . ^ and cob.^ (m-n)t 

are to be changed to */X " ""T^ *°^ Cos. ^{n"m)t. (21 b) 

xKTx. I *• sin.\/('«+»*)* J ^ / I w 

When iii+nis negative, — ./" ' ^ and cos. >^ (m -f- *•) ^ 

*' are to be changed to?^^J=J^^*and Cos V-(«+»)*. (32 b) 

When m and n are eqnal, — ' ■ ;/ J and c08.\/(iii-^)< 

V (la — ») ^ ' 

are to be changed to t and unity. (23 b) 

«ri_ . • sin. h/{m4-n)t . #/ • v 

When m+n is zero, — 7 . t\ «n^ cos. v(m+n)< are to 

be changed to t and unity. (24 b) 

The changes, which correspond to the case when n is zero, 
. are easily made. 

^'^ 197. Definition. Afiuctuating functionyi^oriewhioh 

constantly changes its value by a finite quantity for an 
infinitely small change in the variable, alternately in- 
creasing and decreasing without ever being infinite. 
This singular function is of great use in the integra- 

^ tion of equations which involve several independent 
variables ; there is no name in general use, but the one 
here adopted was given by Hamilton, and is highly ap- 
propriate. 

lb) The expression sin. a x, is an instance of such a fanction, 

when a is infinite ; and, in this instance, it is noticeable that 

'^) the mean value of the function is zero. 
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Linear difTerential equatiocui with constant coefficients. 

198. Theorem. If f^ denotes a function of» which 
is continuous and finite within the limits a and b, and 
if N^ is a fluctuating function of which the mean 
value corresponding to each fluctuation is zero, and if 
the integrations are performed relatively to a, we have 

fl'Nafa=0' {25 b) 

Proof, Let the interval between the limits of the integra- 
tion be divided into portions, each of which is the infinitely 
small extent necessary for a single fluctuation ; and let the 
limits of any portion be P and p -^ t. For this portion we may 
put 

« = /J + ., (26 b) 

and the corresponding integral, taken relatively to a, is 

/S^^+. f^+., (27b) 

But by (533) of vol. 1, 

and^ by definition, 

/iJV^+. = 0. (29 b) 

Hence ^27 b) becomes 

= i:J^^/i.iV. •"• (30b) 

Buty by integrating by parts, we find 
and the second member of (31 b) is, evidently, an infinitesimal 
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Fluctnating functions. 

of the (n + l)st order, and (27 b) is, therefore, an infinitesimal 
of the same order. The number of all the portions of (25 b) 
is equal to t^ , and therefore the sum of all the portions (27 b) 

is an infinitesimal of the nth order ; that is, this sum is infinitely 
small, and may be neglected, which gives at once the equa- 
tion (25 b). 

199. Corollary, If we take 

/•/=/«> (32b) 

and if f^ is continuous and finite throughout its whole extent, 
(25 b) gives 

200. Theorem. If the notation of 4> 198 is adopted, 
and if x is included between a and 6, we shall have 



/ 



Proof In the. identical equation 

/>r-'+/"^* +^+i ' <35b) 

in which t is an infinitesimal, the first and third terms of the 
second member vanish by § 198, when this equation is substi- 
tuted in the first member of (34 b). Hence if 

« = « — a;, (36b) 

we have 

J a ' a — X J a — i a — x y — % • ' ^ ' 

in the third member of which, the integrations are performed 
20 
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Flaeioating functioni. 

relatively to «. Bat f^^ differs infinitely little from f^ , and, 
therefore, (37 b) gives 

/.'• ^^ =/■/+•; 7- • <»*^) 

Id the same way, when/^ is unity, and x is zero, 

which, substituted in (38 b), gives (34 b). 
201. CoroUary. Since we have 



/(c'«(»-«)'^-i = 



2 sin. 00 (a — z) 

— 7 Hi ' 



(40 b) 



No. 



the first member of (40 b) may be substituted for 
(34 b), which gives 

/i ./i eK-V-V. = 2/-/; ^^- (41b) 
202. Problem. To find the value of 

/; !i2L^ . . (43b) 

Solution. If we put 

pa=za, (43 b) 

we have 

that is, the first member of (44 b) is independent of the value 
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Fluctuating functioDs. 

of |9, as long as |9 18 positive ; so that if A is the required value 
of {42 b), we have 

D^A=0. (45 b) 

We have also 

/•' sin, p a ^ /*' ( 1 + a^) sin. |> « 
a a "^ J a . a (l-^-^a) 

/•' sin. /?« , p' a sin. /> « 
Hence, by putting 

whence, by (46 b), 

AnzB — D^B. (60 b) 

This equation may be regarded as a linear differential equa- 
tion in which fi is the independent variable, and its integral is 

B=A + A' 6^4- A'U-f^, (51 b) 

in which A' and A" are arbitrary constants. The values of 
these arbitrary constants may be determined from the extreme 
values of D^ B. When fi is infinite, the value of (48 b) van- 
ishes by (25 b) ; but (51 b) gives 

i>^ B == .4' /— ^" «-»*, (52 b) 
which will not vanish, when p is infinite, unless 

A'z=0; (53b) 

whence DsB=: — A" e"^ . » (54 b) 
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Fluctuating functions. 

Again when fi is zero the value of (48 b) is tt ; and although 
p may never be supposed quite so small as zero, yet when it 
js an infiuitesimal, (48 b) must differ infinitely little from tt, 
and therefore, by (54 b), 

7t = — A'\ (55 b) 

whence D^ JB = tt c""'* . (56 b) 

Finally, the comparison of (47 b and 48 b) gives, by (56 b), 
JB=/g DpB = n (1— e-/'). (57 b) 

Hence, by (51 b), 

203. Corollary. The substitution of (58 b) in (41 b) gives 

A = V-nfi-flie'^'-'^^-'fa, (59b) 

provided the integral between the limits a and b is performed 
relatively to a, 

204. Corollary, Ufa is the same as in (33 b), (59 b) gives 
. f,=^faA-e''^'"^-Va =.\/;f, c«'-''^^-'/«- (60 b) 

205. Corollary. In the same way, we should have 

/x.,,' = ^W- fa fx . e«»-«V-i f^^^ (61 b) 

/x.» = in f? f, . ^"^'^-^ /.. ^ ; (62 b) 

whence, by substitution, 
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Differential equations with constant coefficients. 

206. Corollary. In the same way, 

207. Corollary, The successive differentiation of (60 b) 
gives 

iKf. = r--/».^ (-1) 5 i" e*<"-V-Va ; (65 b) 

and, in the same way, by the successive differentiation of 
(64 b), the factor x \/-l is introduced under the signs of inte- 
gration for each differentiation relatively to x, the factor /it\/'l 
for each differentiation relatively to y, &;c. 

208. Problem, To find several functions Xt , F| , 
4*c. of the ifidependent variables t, x, y^ 6fc* which sat-- 
isfy given linear differential equations with constant 
coefficients between various differential coefficients cor* 
responding to the different independent variables^ and 
which become given functions Xo , Yq , Sj'c, of the va- 
riablex, y, ^c, when t becomes zero. 

Solution. Let Xi , ITt &:c., Xo 9 ITo 9 &c. represent the 
values of X^ ^o &e., Xo , Fq , &;c. when x, y^ &c. are 
changed into «, ?, d&c. ; so that by (64 b) if n denotes the 
number of the variables x, y, d&c, 

&c. 
If now RzziL (67b) 

represents one of the given equations, in which JR is a linear 
function of the differential coeffioients with eonstant multipli* 
20* 
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Differential equations with consUint coefficients. 

ers, and JL is a given function of t, x, y, &c. ; and if 2L de- 
notes the value of L when x, y, &,c. are changed to a, /», &c. ; 
and It the value of R when JCt , Yt, &.c. are changed to 
Xm y«» &,c., and!),, !>,,, &c. are changed to ^/>/-l, a*^-1, 
d^c. ; the equation (67 b) is changed by the substitution of 
(66 b) into 

(68 b) 

(^^-.)yc;.V,&c...„&c. e[^(-«)+''(2^-«+^-3^-i (m-iL)=o, 

which is satisfied by putting 

ai=a, (69b) 

and this equation involves no other differential coefficients than 
those taken relatively to t. 

By this substitution, therefore, all the given equations are 
similarly transformed, and the problem is reduced to the inte- 
gration of several linear differential equations with constant 
coefficients, in which there is only one independent variable; 
and this integration is performed by the method of § ] 79 to 
^ 195. The functions to be determined are, in this new form, 
X^, ^t, &c., of which the initial values are ^o » ^o, &'C« 

209. Corollary. It may^ be observed that for a complete 
solution, the initial values X'^ , Yq &c. of some of the dif- 
ferential coefficients Dt JP), 1>, Y^ , &c. should also 'be given 
functions of x, y, &c. 

210. Examples. 

1. Integrate the equation 

Dl X, + I>? X, = 0. (70 b) 

Solution. In this case, the substitution (66 b) gives 
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• 

Differential equations with constant coefficients. 

whence 

X,=^(C-^ ' V-l^gi(^-l-3)^ t_j_g4(V-l+3)i t ) jj^ 

_>(l+V_3)c4(^-i+3)^'] X'o 
+ T? [«^ '^~^ - 4 ( 1 + V - 3) e 4(v-i-3)i « 

■^ i (l-V-3) e4(^-l+3) , <]x- . 

If the values of Xo . X i and X o are written as follows, 

Xo=/„, X; = Dafa, Xo-Dlf'i; (71b) 
we have, by (60 b and 65 b), 

y:/i^^o e^^^")^-^ e4(^-^±3)A* ^y;'^j(^^_3j, . 
whence we have 

-^< = i (/*-« +/■ J+J(l-^-3)( +/. aH-J(l+V-3)«) 

—*(/:-* - i (i-v-3)/. w-j(i-v-3)«- *(i+v-3)/;4(i+v-3)0 

-H(/;'-r-i(l+V-3)/.;'+4(i.v-3).-i(l-\/-3)/.;+J(i+v-3).). 

(72b) 
2. Integrate the equation 

a b Dl X, + (a+6) DJ ., X, + i>? JT, = 0.. (73 b) 
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_ — _ 

Differential equations with constant coefficients. 
Ans. With the notation of (71 b)y 

3. Integrate the equation 

a»l>i^, + 2al>i.,^, + 1>?^, = 0. (75 b) 

Ans. With the notation of (71 b),, 

^.=/«i + ^/U«+ atD,,f^,. (76 b) 

4. Integrate the equation 

aD,jr,+ D, X, — c**+*«. (77 b) 

Solution, The value of X, in this case is 
(78b) 



m -^ al ^ - 


-1 ' 


whence, by the notation of (71b), 




x-f . } r^u-v-.'"'^"- 


•-atl^.l-\^a. 



The value of the definite integral in (79 b) is found from 
the equation 

tn fa. X C^(^-«)V-1 ^a '^ ^nx ^ (80 b) 

which, multiplied by i ^'' and integrated relatively to x gives 

^n Ja.x am'+ax^—l "^aw'+an* ^^^^^ 
and this equation divided by e*^*' is, by substituting m for a m', 

2nja.x m+aXj^—l'^m + an' ^ ' 
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DilTerential equations with constant coefficients. 

The results, successively obtained from (82 b) by multiply- 
ing by c"*' , and again by substituting x — a t for «, reduce the 
value of the definite integral of (79 b) to 

- , ' . (83 b) 

and the value of X^ is obtained by substituting (83 b) for the 
definite integral ; so that 

^,=/«, +(83b). (84b) 

Corollary. When «i = — an, (85 b) 

(83 b) is reduced to t c"<'-«*>. (86 b) 

5. Integrate the equation 

aD,X,+ D,X, = tx. (87b) 

^n5. X,=/^t+^^,-4x9^ + Jax/2-.^«9<3. (88b) 

6. Integrate the equation 

Dl X, + D] X, = (x2 + ^2) gxe. (89 b) 

{9Dh) 

7. Integrate the equation 

aDa:X,-{-b D,X,+D,X,=le^^-^^tt^-nit^ ' (91b) 

Ans. x.=/,_„,,_.V^-i!^4:^;(92b) 

which, Mrhen wi = — ah-j-b k " (93 b) 

is reduced to 

X,=/^a*,y-5e+^^C*^ + *y-(*« + **^*. (94 b) 



Digitized by VjOOQIC 



238 INTEO&iJi CALCULUS. [b. Y. CH. X. 

Differential eqaationi with conBtani coefficients. 

211; The integration of linear differential equations, 
in which the coefficients are not constant, can only be 
performed in some particular cases, some of which will 
be found in some of the following chapters. 
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Equations of the first order. 



CHAPTER XL 

INTEGRATION OF DIFFERENTIAL E^tUATIONS OF THE 
FIRST ORDER. 

212. To integrate a given differential equation of 
the first order J between two variables x and t. 

Solution. Let t be the independent variable, and let the 
value of D^x be found from the given equation in the form 

D.x=-^. (95 b) 

The integral of this equation must involve an arbitrary con- 
stant a, from which the value of a can be found in terms of 
t and X in the form 

a=At, (96 b) 

in which il^ is a function of t and x. The differential of 
(96 b) gives 

Oz=DxA,.D,x + D^A,, (97 b) 

Hence, by (95 b), 

D,A. _M_ xM ■ 

dTa^^n-tn' <®^''> 

in which i is wholly arbitrary, and may, therefore, be takea of 
such a value that 

^N=^D:cA,, (Ic) 

which gives ^ M =z D^ A^; (2 c) 
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Equations of the first order. 

whence; by the elimination of il,, 

Dl:, A,=zD,{iN) = Dx {X M). (3 c) 

There is no general process of finding a value of x which 

will satisfy (3 c), and this problem must be solved in each case 

by the exercise of the ingenuity. When the value of ^ is 

found, (1 c and 2 c) give 

a = A,=f, M) =fx {X N), (4c) 

in which a is the arbitrary constant. 

213. Corollary. An arbitrary function of x will be added to 
the third member of (4 c) to complete the integral, and an 
arbitrary function of t to the fourth member of (4 c). But 
these arbitrary functions are at once determined by the con« 
ditions that the third and fourth members are equal. 

214. Corollary, The value of a is usually determined by 
the condition that x is to have a certain value x^ , when t be- 
comes T. If, then, A^ denotes the value of At when t and x 
are changed to '^ and x^ , (4 c) gives 

At — A^ = 0. (5c) 

215» Corollary, It is often the case that the given equation 
is such that it cannot be reduced to the form (95 b), and in 
this case the whole process must be lefl to the skill of the 
geometer. 

216. Corollary. UM and N are such functions of x andf, 
that 

M=MxMt, N=NxNt (6 c) 

in which Mx and Nx are functions of x alone, and M^ and 
Nt are functions of t alone, the value of x may be assumed 
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Homogeneous equation. 

For this assamption reduces the two last memhers of (3 c) to 
zero. The equations (4 c and 5 c) give , 

217. Corollary. When ilf and iV are homogenous functions 
of the same degree pit the value of ^ is 

Hence ir^=Nx'{'Mt ' (10 c) 

Dx^^=—^^{N'{-xDxN-\'tDxM) (lie) 

D, x= — x^{M-J^xD,N-\'tD,M) (12c) 

Dx{}Ml = —^^{MN+MxDxN-^NxDxM) (13c) 

D, (^JV) ='-'^{M'N—MtD,N'\^NtD,M). (14o) 

X • ' ir 

But, by puttmg ^=^7 - 

the expression — becomes a function of y alone, which may 
be denoted by M'y whente 

DxM=D,M'. D^y= J D,M'=z ^^ (15c) 





JL^l MM. _ X^y MM. 


• ■»'< y — — 


72 ■"»■" 


I 




D,M 


mM 




. (16 0) 


and, 


therefore, 






' 




X DxM= — 


t D, M+ m 


Mi 


07 c) 


and, 


in the same way, 






i 




21 


-tD,N + 
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Infinite number of multipliers. 

' which, aabstitoted in (13 c), gife by (14 c) * 
D;s{} M)=>--x%MN^Mtp,N+NtD,3l)—D^{iN). (19c) 
Hence (3 c) is satisfied, and (4 c) gives 

" =/ Nz + Mt =/x Nx+Mt ' ^^ ''^ 

218. Corollary. If h is any function whatever of a, and if 
Bt is the same function of At , (96 b) gives 

b = Bt. (21 c) 

It may be shown, precisely as in ^ 212, that if m is such 

that 

f^N = D^B\; (22c) 

ft will be a value of ^ capable of satisfying the eqvation (3 c). 
If, however, 6' is the differential coefficient of b taken rela- 
tively to a, and if ^^ is the same function of At which b^ is of 
a, we have 

DxBt=BtD^At, (23c) 

whence (22 c and 1 c) give 

t,N=^B'tN or t^ = ^Bi\ (24c) 

that is, the product of any value of ^ by any function what" 
ever of A^ is itself another value of A. 

219. Corollary, Whenever M and N can be separated 
into such portions M\ M", M'\ &c., and N\ iV", iV", &c., 
that the equation (95 b) can be integrated when for M 
and N are substituted M and N\ or M' or N'\ &c., the inte- 
gral of the equation itself is often readily obtained. For this 
purpose, let i! and A\ represent the values of 2 and At which cor- 
respond to M' and N'^ ^" and A' I those which correspond to 
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Equations of the first order. 

Mi" and N"^ d^c. it is necessary to find functions 9^, 9" &e. 
of ili, il(' &c., which will satisfy the equation 

X' y. (^0 = x" /. {A;) = I'" y':' (A7) = &c. (26 c) 

For if the value of each member of (25 c) is denoted by i, we 
shall have 

I Mz=z X' y/. {A\) M' -f i" 9" (ii;') M" + &c. (26 c) 

i JV= 2' 9'. (^;) iV' + ^" 9" (ilD iV" + &C. (27 C) 

But, by the preceding corollary, 

D, [X' 9'. {A\) N'] = Z>:r P' 9' (ilj) if], &C. (28 c) 

and therefore x satisfies (3 c). 

220. Examples. 

1. Integrate the equation 

(*jr'+ T)D^% + X+%T' = ^, (29c) 

in which JT is a given functioq of x, and X' its differential 
coefficient; and T is a given function of t^ and T' its diffe- 
rential coefficient. 

Solution. In this case, 

M=x+xr 

N= T+tX' 
D,N= T+X=D^M, 

and, therefore, (3 c) is satisfied by 

Hence the required integral is 

a=y;(jr+xr')=A(r+tJr') 

= Xt-\-xT; (30c) 
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Equations of the first order. 

or if X &n<i C are the values of JT and T when t and x 
are changed to ^ and x^ , 

XT+Xr^ = Xt+xT. {31c) 

2. . Integrate the equation 

{t COS. z -|- sin. t) DtX -{- sin. x -{- x cos. < z= 0. (32 c) 
. Ans. T sin. a;^+aJ^ sin. 'r=zt sin. a;-}"^ sin. *. (33 c) 

3. Integrate the equation 

x''fD^x + kx^t''=zO. (34c) 

Corollary. • When a — a' + I = 0, 
the answer is 

when 6'_6-|-l=0, 

it is x«-^+i — a:_«-«'+i , _, t ^ ,_ , 

a-a^l +A:log- = 0; (37 c) 

and when both these conditions are satisfied, it is 

X T* 4- ^ < = 0. (38 c) 

4. Integrate the equation 

t DtX=iX-{'A^{x^ + t^). (39c) 

Solution. This is a homogeneous equation^ and (9 c) gives 
^-1 = M t+N x=tx—t x+* s/{x^+t^) = \ A/i^^+f^) ; 
hence, by (20 c), the integral is 

« = -/^ («8+ t3)-i =y; X r> («2 + fi)-i + <-• 
= log. [V («* + «'') -^], ' (40 c) 
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Equation! of the firat order. 

or ^(^ + fi)-x=A/{xi+^)-x^, (41c) 

or ^ = a3 + 2ax, (42c) 

in which a is the arbitrary constant. 

5. Integrate the equation 

i),.= j + jloj.i. (48«) 

6. Integrate the equation 

p,x = i_l?iog.|. (46c) 

Ans. (^Y={^fy, (46c) 

7. Integrate the equation 

(l + m log. i)D.x= J-(l + „ log. i). (47c) 

Ans. (^)^"'"=(^')^" (48 c) 

8. Integrate the equation 

(A r «^i 4- A' t"^ a^+i) 
+{k f^^T^ + k" t^+^ x» ) Dtx = 0. (49 c) 

Alu^ton. This is a case of § 219, and by putting 
we ha? e 

ii; = iog.^x*, iir = iog,<*v, 5 ^'^) 

21* 
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Equations of the first order, 
and if « and a' are taken to satbfy the equation 

which gives 

«A+-m = a'A' + m', «^ + » = «'^ + «' (53c) 
_ (w — CTpifc^— (« — npA^ 
*^- h'k — hkf 



(54 c) 
(55 c) 



" - h'k — hk' 

we may put 

2-1 = fa*+«+l x«*+M-i , (56 c) 

and the integral of (49 c) becomes 

1 1 _ 1 I __i__ /57c\ 



9. Integrate the equation 

Ans. ate3*2^6^x«=ax|T«+6x|T3. 

10. Integrate the equation 

{3ax^fi-{'2bt)D,x+2ax^fi+Zbx=zO. . 

Ans. a (x3 ^SL-^a t2)4.6 log. -^-^ = 0. 

11. Integrate the equation 

{hx + kt + a) D,x + h'x + k' t + a' =1.0: (58c) 

Solution. Put, in this equation, 

a; = x/ + /», f =«'+«, (59c) 

and we have Z>, x = Z>, x' = D,, x', (60 c) 

whenpe {58 c) gives (61<i) 
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and if a and ^ are taken such that 

A|54-ifc« + a = 0, A'|5 + ik'a+ «'=0, (62c) 
(61 c) becomes 

(A x'+kt') D,. z* + h'x' + krz=i 0, (63c) 

which may be integrated like any other homogeneous equation. 

12. Integrate the equation 

D,x^ Tx= T', (64c) 

in which T and T' are functions of t. 

Solution. Let t'=zf,T, (65 c)- 

whence D, t' =i T (66 c) 

D,x = D,, xD.fzn T D,. X ; (67 c) 

T' 
and if T" denotes the value of -= when t' is substituted for 

*, (64 c) gives 

Z>,.x + x= T", (68c) 

which may be integrated by the processes of the preceding, 
chapter, since it is linear, with constant coefficients. The inte- 
gral is, if t' is the value of t' when t becomes t, 

= x^ e-J''^ ^+ e-^7; y eJ''^. (69 c) 

13. Integrate the equation ; 






14. Integrate the equation - ^ - 

p,z-{-hx^^kr, (70 c) 

which is called Riceati's equation. 
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Riccati's equation. 
Solution. Let x' and f be so taken that 

and we have 

P. zf=D,. X'. D, f={m+9)P^ D,. xf={m+3)^D,.x' (72 c) 

D, x-|-Ax»= ^^ _ -^5-^ . (76 c) 

Hence 

k h I h ^^ 

Andif j_ ^^ «/-_!d:i (78c) 

D,. 2/+ A' x« = ifc' <"»', (79 c) 

which is of the same form with the given equation. Hence if 
Riccati's equation can be integrated for any value m' of m, it 
can also be integrated for the value m determined by (78 c) ; 
and if it can be integrated for the value m^ it can also be inte- 
grated for the value mf. 

Let t be determined, so that, 
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Riccati's equation. 

and (78 c) givea 

SO that m' is obtained from m by increasing i by unity. Hence 
if the equation can be integrated for any value of 2, it can 
also be integrated for the values of i, which are greater or less 
by unity, and therefore for any value which differs from i by 
any integer whatever. 

But when « = 0, (82 c) 

we have m = 0, (83 c) 

and Riccati's equation becomes 

B,x + hx^ = k, (84c) 

the integral of which is • 

t T~ r -JL_ - JL w ( v^+VW(^i^). ,05 ^x 

*" "Jx^ k^hx^-^hk ^'A/{k-hx^){^k^x^^h)'^ ' 
so that Riccati's equation may be integrated whenever i is an 
integer either positive or negative. 

When « = dr QD, (86 c) 

we have m = — 2, (87 c) 

and therefore this case would only be obtained from the pre- 
ceding, by an infinite succession of substitutions. This case, 
however, admits of direct integration, for, by the substitution 

Riccati's equation becomes in this case 

t^DtX'-\-x'^=.kt'^, (89c) 

which is homogeneous, and its integral is 
[2 2-p^-V(l+4^)][2x^+'H-V(14-4^ _ /t w(i+4*) 
[2x+WV(l+4 A:)][2a:^+T-V(l+4^)] -^ \t ) (90c) 
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Eqaationi of the first order. 

15. Integrate the eqaation 

P = 0, (91 c) 

in which P is a given function of Dt x. 

Solution. By solving the equation (91 c) relatively to Dt z» 
each of its values will be found to be a constant, one of which 
we may denote by m. 

Hence D^xzumt (92 c) 

whence x — z^ = w (* — ▼) (93 c) 

«"• ' «=gr=I>,x. (94 c) 

and the second member of (94 c) may therefore be substituted 
for Dt X in (91 c) ; and if Q represents the value of P arising 
from this substitution^ the integral of j(91 c) is 

Qz=0. (95c) 

16. Integrate the equation 

A «^ = a^. 

Ans. {x—x^)^=za^{t—ry. 

17. Integrate the equation 

A/{l+DtX^) = a'\'bDtX. 
Ans. ^[{x^x^)^+{t--r)2-i=a{t^r)+b(x-x^y 

18. Integrate the equation 

l>jx" = r, (96c) 

in which T is a function of t. 

Ans. a?, — aJ^=/JVr, (97 c) 

or the equation which is obtained by freeing (97 c) from radi- 
cals. 
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£qaation8 of the first order. 

19. Integrate the equation 

20. Integrate the equation 

P = t, (98 c) 

in which P is a given function of D^ x. 

Solution. By putting pz=,DtX^ (99 c) 

(262) gives 

x=f,D,x-f,p=f,pD,t = pt—f, tD,p 
=pt-f,tD,p=pi-f^.P, (Id) 

and the integral is obtained by eliminating p between (Id) and 
the equation obtained from (98 c) by changing DtXtop. 

21. Integrate the equation 

D X 
t=^Dt x+e * -f sin. Dt x. 

Ans, It is the equation obtained by eliminating p andp^ 
between the equations 
t =p + c^ + sin p 

x—x^ =p t — p^T — i {p^—pi)—^+ c^^+ cos.p— coa.|i^ . 

22. Integrate the equation 

t + aD,x=:b\^{l + D,x^). 

Ans, It is the equation obtained by eliminating p and p^ be- 
tween the equations 

# + «P = 6V(l+P^) 

T+ap^=6V(l+P|) 

x—x^=ipt—p^r^ia{p^—p^)—ipA/{l+p^) 
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Homogeneous equations of first order. 

23. Integrate the differential equation of the first degree, 
which is homogeneous in reference to the variables x and t. 

Solution. Let y = 7* DtX=zp, (2d) 

which gives %z=,y t (3d) 

DyX = yDyt + t = DtxD^t=ipDyt (4d) 

^=^ (5d) 

But the substitution of (2d) in the given equation reduces 
to an equation containing only p and y ; hence the integral . 
(6 d) is readily obtained, and the required integral is obtained 
by eliminating p and y from (3 d, 6 d) and the given equation 
in the form to which it is reduced by the substitution of (2 d). 

24. Integrate the equation 

Ans, The equation resulting from the elimination of/i and 
p between the equations 

x = pt + nt\/{l+p^) 

^. \i+p|/ " \p + V{i+P') r' 

25. Integrs^te the equation 

Xz=:Pt+Q, (7d) 

ip which P and Q are functions of D^ a?. 



I 
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Equations of the first order. 

Solution. Let P= ^i ^> (8 d) 

and the differential of (7d) gives 

DpX = D,x.Dpt=zp Dj,t 

= PD,t + tDpP + DpQ, (9d) 

or {p-^P)D,t-^tDpP=DpQ, (lOd) 

which is a linear equation of the first order, by taking p as the 
independent variable. The integral of (10 d) is an equation 
between t and p from which p can be eliminated by means of 
the given equation. 

26. Integrate the equation 

xz=z (D^x )*4-e 

mr 

Ans. The integral is found by eliminating p and p^ be- 
tween the equations 



*— «(p— pjc '^=:re ^ ^^\ 



27. Integrate the equation 

a?=:*Aa? + P, (Ud) 

in which P is a function of Dt x. 

Ans. If P^ denotes the value which P obtains when 

'^ IS substituted for 27, x, the required integral is . . 

tx^ — xr={t — T)P^. . (12d) 
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£quatioiiB of the first order. 



38. Integrate the eqaation 

Ans. fa?^— XT=nV[(*— T)2-|-(a^-x^)a]. 



29. Integrate the equation 

D,x={At^ + B;xf)*^'. . (13d) 



Solution. Let u = xt b, 

or a: = tt ^ * ; 

and 

1 L^!f 

*" '^ b{A+Bu')i''a —au 



log. L =/" . Vl . (»") 

a 

in which u^ = a;^^""* . ^ (15 d) 

30. Integrate the equation 

tPtX — x _r/ /.T V4-ll"*(16d) 

v(a^«+f2)V(Aic«+ipL\p.(«2+f»); ^ J ^ ^ 

in which /. and JP. are any given functions. 
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Equations of the first order. 



Solution, Let r and (p be taken so that 

t zur COS. 9, xz=r sin. <p, (17 d) 

whence r^^x^ + t^, tan. y = | (18 d) 

JDt« = sin. <p D^r '\'r cos. (p D^tp 
1 = COS. <p DtT — r sin. ^ Dt<p 

t D^x — X =zr^ Dtq> 
D,x^ + 1 = A r2 + r2 I>, ^2, 

and (16 d) becomes 

or /. tan. f . Z>, 9 = r"' A r . JFlr^, (22 d) 

and its integral is 

^T T 



I (19 d) 
I (20 d) 



(23 d) 



'"'''•'''' tan.,p, = S, r'^ = xf+^'. (24 d) 

31. Integrate the equation 

ilns. By the notation of the preceding example, 

'°~'''-Av[r»-(/.'^n' 

92. Integrate the equation 

t DtX — X ^ « 
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Ans. Bj the notation of example 30, 



r9> 



^/[l-(/.tan.y)^] ^,21. 
/. tan. 9 r^' 



33. Integrate the equation 
Ans. By putting 



r2 = <2— a?2, Tan.9z= 



r^=r2 — a.2 Tan. q» = -^ , 
the integral is 

34. Integrate the equation 



(26 d) 



(97d) 



D.x + x _r/ f.jxt) V_iT*^QflH\ 



Am. By putting 

r» = «« + <*, |> = « /, 



r» = «2 J_ . 



i't=«t'; 



the integral is 



f^rF.r'=Pf.,. 



(29 d) 



(30 d) 



221. Problem, To integrate several differential equa- 
tions between several variables and their differential eo- 
efficients taken with respect to one of them regarded as 
the independent variable. 
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Equations of the first order. 

Solution. By taking the saccessive differentials of these 
equations with respect to the independent variable^ as many 
new equations maj be obtained as may be necessary to elim- 
inate from them, combined with the given equations, all the 
variables but two, of which one is the independent variable^ 
together with their difierential coefficients. The resulting 
equation will be an equation between these two variables, and 
the successive differential coefficients of one variable taken 
with respect to the other, which is the independent variable. 

In most cases, however, the integration can only be obtained 
by some ingenious device. Examples of this problem will 
occur under the subsequent problem. 

222. Problem. To find a function v of several inde- 
pendent variables tj x, y, 4^c., which satisfies a given 
differential equation of the first order, and becomes a 
given function of the variables ar, *y, ^c, for a given 
value T of the variable t. 

Solution. If D' denotes the differential coefficient with 
reference to the given function of the ^rariables z, y, <Sz;c., and ^ 
if 8j p, q, &c. denote the differential coefficients Z>, \ff, D^ V, 
I>yV, &c., we have 

D' rp =p ]y x + q D' y + &.C. (31 d) 

If, moreover, x, y, &;c. instead of being independent of t, were 
assumed to be certain functions of t, we should have 

D,^=is +i? D,x + qD^y + &c., (32 d) 

the differential coefficient of which, relatively to D^ is 

D' Dt V =p D'DtX ■\' qD'Dty + &c. 

+ D's + D,z.I}'p + D,if.Dq + &c. (33d) 
22» 
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Kquations of the first order. 

But the differential coefficieat of (31 d) relatively to I is, by 
this assumption, 

+ D,p.D'x + D,q.D'y + 6M.; {34d) 
and the difference between (33 d and 34 d) is 

— D,p.D'x — D,q.D'y + ^c. (35 d) 

If the given differential equation becomes by the substitution 
of 5, py q, &c. for the differentia] coefficients of \p, 

R = 0, (36d) 

its differential coefficient is 

0=1>^ R . D' xp-^D. R . D's+Dj, R . I>'p4-D, R . D'q+&,c. 
+D^ R.Dx+D^R. Z>'y+&c., (37 d) 

which becomes, by the- substitution of (31 d), 
0=Z>. R . B' s-^-Dj, R . B'p+D^ R . D' g+&c. 
+{pD^R+D^R)D'x^{q D^ R+D,R)D'y+&.c. (38d) 

But (36 d) is the only given equation between the quantities 
t, X, y, &/C., s, pt q, &c., and cannot, therefore, determine 
more than one of the differential coefficients D' s, &c. in terms 
of the others ; so that the value of this differential coefficient, 
determined from (38 d), must be the same with that given by 
(35 d); and, consequently, the product of (35 d) by D^ R 
must coincide with (38 d). Hence 

I _ D.x _ D,y _ 
D.R- D,R - D,R-^'^ 



pD^R+D,R qD^R+D,R- 

y Google 
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Equations of the first order. 

and (32 d) gives, bj the theory of proportions, each .of these 
fractions, equal to 

AV^ ..^,. 

s D. R+p Dp R+q D, K-J-6LC, ' ^*"°^ 

The equations (36 d, 39 d, apd 40 d) may then be regarded 
as several equations of the first order, with one independent 
variable, and the values of z, y, &;c., p^ g, &;c., v^ may be de- 
termined in terms of t and of their values x^, y^ (fee, p , 
q^ &c., V^^ corresponding to the value t of t. 

Since for the value ^ of f, V' becomes a given function of 
z, y, &c., it is evident that xp^ must be the same function of 

*T ' ^T ' ^^' ' *"^ *^®^ ^^*^ Pr» 9r* ^^' ^^^^ ^® *^® diflferen- 
tial coefficients of V^ with reference to a;^, y^, &c. 

If from the integrals of (39 d and 40 d) the quantities 
^ 9 Vt: ^'C. are all eliminated, and the value of i/; obtained, this 
value is evidently such a function of ^, z, y, &c. that iff, z, y, 
&c. are changed to t, x^ , y^ , &c., v^ will become i^ ; but by 
the simple change of tX.o'^y'^ must become the same function 
of z, y, &/C. which V'^ is of ^^^ » ^t » ^^* 5 *^^* *^> *^® value of 
V^ obtained by this process of elimination satisfies the problem. 

223. Examples. 

1. Integrate the linear differential equation of the 
first order, involving any number of independent va- 
riables. 

Solution. This equation may be written in the form 

rAv + ^^xV'+F2>yV+&c. = Jlf, (41 d) 

in which T, X, Y^ &c., iH, are functions of f , x, y, d&c. and V'. - 



Digitized by 



Google 



S60 IMTECRAI. CALCVUJB. [b. T. Ctt. XI. 

Equation* of the first order. 

In this ease (36 d) becomes 

Rz=Ts-}-Xp+Yg+&.c. — M=0, (42d) 
whence 

D.R = T, D,R = X,&,c. (43 d) 

$D.R+pD,R + &,c.=>Ts+Xp-\-&Ai. = M, (44 d) 

and (39 d and 40 d) become 

1 D,z_D,tf D.rf, 

_ —D ,P _ —D. g _-- .^,v 

~^ir;r^+D7R-iD:;:R+WR-'""- ^^""^ 

The fractions in the first line of (45 d) do not inrolTe p, q, 
d&c, and therefore the integrals of the equations^ in this line 
give the required value of V^, without resorting at all to the 
second line of (45 d). 

Corollary, Whenever, by the combination of the equations 
in the first line of (45 d), a number of equations is ibund equal 
to that of the variables y^, x, y, &;c., and admitting of direct 
integration, such as 

DtU=0, A r= 0, &c., (46 d) 

the required integrals are 

U=U^, F=F^,&c. (47 d) 

But V^, V^f &c. are functions of V^, z^^ y^, &c., from 
which, by the elimination of \, y^, &c., the value of V^ may 
be obtained in terms of U^ , F. , &c. ; and thd required vdiue 
of V is, consequently^ the same function of U, V, &c. 

2. Integrate (41 d) when the quantities T, JT, Y, &c. are 
fanctions respectively of t, x, y, &c., each fanction involving 
but one variable. 
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Equations of the first order. 

Solution, In this case, (45 d) gives 

whence the values of x, y, &c. are determined in terms of t 
and constants. .The substitution of these vahies in M re- 
duces it to a function of t, which may be denoted by Mt, and 
we have finally 

and the required value of V is obtained by substituting in 
(49 d) the values of x^ , y^ &c., obtained from (48 d). 

The values of 2^ , y^ , &c. may easily be derived from the 
THjqes of x^ y, &c. by changing t^ t, Z^.tf^, fcc. into t, t, z, 
y, &c. ; for the values of 2, y, &c. belong to one end of the 
interval t — r, in the same way in which \% y^ ^ d^c. belong to 
tVe other end of the same interval, so that ^ may be considered 
as the variable, while t is constant. 

3. Integrate the equation 

t D,yj — xD,y^ = 0. (50d) 

Arts. V =/V(a?^— ^^-h^), (51 d) 

in which y. denotes the function Which V' is of x when t be- 
comes T. 

4. Integrate the equation 

X D^V' + t Dtx = 0. 

Ans. V'=/.(y), 
where/, has the same signification as in (51 d). 
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Equations of the first order. 

5. Integrate the equation 

— =(4)"/(^). 

where/*, has the same signification as in (51 d). 

6. Integrate the equation 

a * Z>, V + 6 X Z>ar V = n V'. (52 d) 

Ans. V = (4)V. \j (7 )*"]. (53d) 
where jf. has the same signification as in (51 d). 

7. Integrate the equation 

a <* Z>, V + 6 «* J!>x ^ = n V" (54d) 

A -T 1 . n(m-1) / 1 1 \n-(— '^ 

where ^ -/ T-i -^^^^r*— -^"iT 

andjf. has the same signification as in (51 d). 

8. Integrate the equation 

Ans. yJ^=:x^^x^ + {f.x^f, 
where x^=: x cos. log. — — V sin. log. — , 
and f, has the same signification as in (51 d). 
9« Integrate the equation 
t {b+D, V)— «(a+I>t VH v(* A V»--« I>M V')=0. (56 d) 
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Solution. Id this case (39 d and 40 d) give 

1 _ D,x __ D,tp 

b V — X t — a V a x — 6 1 

Hence Dt^-^-hD^z-^-a^Q 

and V I>, V + a? I>, a; 4- * z= 0, 

the integrals of which are 

V' — V^ + 5 (35— a?^) + a {t—T) = 
V'^ — v*+22 — a?2+<2 — t2 — 0. 

Hence , ^2 _ ^2 _i aj9 . 

Vr + V — - 



6(2— 2^)+a(*— t) • 

and the required integral is obtained by the elimination of 
x^ between the equations 

[2V+6(x-xJ+a(f-T)][6(ic-a:^)+a(^-T)]=x2-a:|+/2-T2,(57d) 
^-f' \+b {x-x^)+a{t^r)=0^ (58 d) 

where y*. has the same signification as in (51 d). 

Corollary. The integral of this equation is, by the corollary 
to the first example, 

V + 6x + a*=:9>.(V» + a;2^^9), (59d) 

in which 9* • is an arbitrary function to be determined by the 
condition that 

/.a? + 6x-f aT=:g,.[(/.x)9 4.a32 + T3], (60d) 

or it may be that V'-l'^ x-^-ar is a given function tp of 
^4.x9 + t2 

10. Integrate the equation 

atD,H' -f&xfi^V + cy i>,V'+&c.s=»v» (61 d) 
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^n*. V= (f)"/[(^)x.^^^y, &C.J (62d) 

in which/, is the function which V^ is of x, y, &.c. when t be- 
comes T. 

Corollary. When 

az=: 6= c =&c.=: 1, (63d) 

(62 d) becomes 

^ =.(1 )>.(!?. I/'. &c.). (64 d) 

80 that ip is, in this case, a homogeneous function of the nth 
degree, of ^, z, y, &c., and (61 d) becomes, by the substitution 
of (63 d), a proposition applicable to such functions. 

11. Integrate the equation 

in which If is a given function of ^, zr a given function of v, 
and L a given function of l^ + /, + /y + &c. 

Solution. Let If =t + /a: + /y + &c., (66 d) 

and (39 d and 40 d) give, in this case, 

B,h DJ^.D.x D,l,.D,y Av /^^.v 

Hence, bj the theory of proportions, and since 

D, M=D, /,+i), h . D, x+D, I, . D, y+&.c. (68 d) 

nL^aM-a{l.-l.) - a (1.-1,) -^^' ^' ^^'^^ 

where n is the number of the variables I, x, y, dec. 
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Whence, since L is a function of My 

(70d) 

where y,^ =/. (a;^ , y^ , &c.), (71 d) 

f having the same signification as in (52 d) ; and the required 
integral is obtained by the elimination of x^9 y^, &c. between 
the equations (70 d and 71 d). 

12. Integrate the equation (65 d) when 

L^s:^m My and n = b xp. (72 d ) 

Ans. The equation obtained bj eliminating M^ between 

b a a • 



^ . (73 d) 



nl. 



where/' is the function which v becomes of/,, Zy, &c., when 
t becomes t. 

When »i n + a = 0, 

the integral becomes 

13. Integrate the equation (65 d), when L is any given 
function of the variables f, x, y, &.C., and V^. 

Solution. In this case, the first member of (69 d) must be 
omitted, but the other members give the values of all the va- 
23 
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Equations of the first order. 

riables expressed in terras of any two of them, and, therefore, 
the value of L expressed in terms of these two, which two 
may, for instance, be V and t, and the equation 

-^ = -^^ (76d) 

will be a differential equation of the first order between two 
variables, and may admit of easy integration. 

Corollary. This method may be applied in any case, 
in which all the integrals hut one of a system of diffe- 
rential equations of the first order have been obtained^ 
and the final integral will depend only upon the integra- 
tion of a differential equation of the first order between 
two variables. 

14. Integrate the equation (65 d), when Zr is a given func- 
tion of ^t + tr + 'y + ^c. + L , and 

rx^^+«^V. (77 d) 



^.V 



Ans, The equation obtained by eliminating jc^ , y^ , &c. 
between the equations 

T X T y ^ V 

where V'^ has the same signification as in (71 d), and 

M=l, + l + l, + &,c. + l^, (80d) 

and n is the number of the variables f, r, y, &c., and V. 
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Equations of the first order. 

15. Integrate the preceding example when 

/, = mf, M=L. (81 d) 

Arts. The equation, obtained by eliminating L^ between 

* T ' T T 

where v^ is the same as in (71 d). 

When w n + a = 0, (83 d) 

the integral is 

'-" ••'-^. (84d) 



T 

16. Integrate the equation 

r + jr+ r+d6c. = 0, (85d) 

in which T is a function of t and />, V^, JT a function of % 
and 1>« V' , Fa function of y and i)y y^ , ^c. 

Solution, In this case (39 d and 40 d) become 



i), r ~ z>, jr ~ i>, r — (86d) 
_ i>.p __ A? _^e_. A_^ 



~ jo^jr D, r 5Z).r+pi>,x+ji>,r+&c. 

which give the equations 

i>, ^.D^ z + D, X. D,p = 

2>, r.JO,y + D, r.i>,g = 0,&c.. (87 d) 

the integrals of which are, hy denoting the values which X, , 
Y, &c. have when x, y, &c., p, q, d&c. become z^ > y^ i &>c. 
byX^, F , &c,, 

j: = j;, f=f^,&c.. , (ssd) 
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^ £quation8 of the first order. 

Hence, by (85 d), 

T= !;• (89d) 

These equations give «, p, q^ &c. in terms respectively of 
^$ ^f y^ &c., which substituted in (86 d) give, by integration, 

/' WT =/.: -^ =//.^ = ^'- («'^' 

These equations give x, y^ &c. in terms of <, which, substi- 
« tuted in (£6 d) give 

• 

wBere -^^ is the same as in (71 d). The integral of the given 
equation is, finally, the equation obtained by eliminating z^, 
y^, &c. between (9 J d and 91 d). In making this elimina- 
tion, it is to be observed that 

Pt = ^x ^t> ?r = ^y •V'^»&«. (92d) 

' T T 

17. Integrate (85 d), when T is a function of D^ V, -Tof 

i>,V,&c, 

Solution. In this case (86 d ) gives 

y-y. = ^r (<-'). &c, (94d) 
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. Equations of the first order. 

Hence, if V^ is used as in (71 d), and if 

T 

/" {^r . yr , &C.) = I>y f{x^ , X^ , &C. ) &0., (96 d) 

T 

the required integral is obtained by eliminating 5, p, g, &;c. ' 
between the given equation and the equations 



g=f:' £x-^{t-r), y_^«_r),&,C.J&,C.(98d) 



18. Integrate the equation 

Ans. The equation obtained by eliminating p between the 
equations 

rp=f.[x + 2ap{t^r)] — a p« {t — T) 
and p =fj [x + 2 «;> (f — t)], 

where /and/' are used as in (71 d and 95 d). 

19. Integrate the equation 

(l>,V)^ = 6(/)xV')3. (9gd) • 

Am. ^=f. [a: + (/ — T) ^ 6], (1 e) 
where /is used as in (51 d). 
23* 
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Equations of the first order. 

20. Integrate the equation 

« = 0. (2 e) 

where 12 is a function of T, JT, F, &c., which have the same 
signification as in (85 d). 

' Solution. It may easily be shown that the equations (87 d, 
88 d and 89 d) are applicable to this case. Hence the values 
of s, p, q, &c. may be found in terms respectively of f, z, y, 
&c., and these values, substituted in (32 d), reduce the suc- 
cessive terms to functions respectively of f, x, y, &c. The 
integral of (32 d) gives, therefore, 

• ^-^^=J^^.s+f^^p+f^ q + Si,c., (3e) 

and the value of t//, obtained by eliminating!)^, gr^, &c. be- 
tween (2 e, 3e, and 92 d), satisfies (2 e). The values of x^, 
y^f ^c. are finally eliminated by means of the integrals of the 
upper line of (39 d), which is freed from s,p, g, &c. by means 
of(88dand89d).* 

The functions Dr R, Dx R, -&c., are functions of 7*, X, 
&c., and therefore by (88 d and 89 d) they are constant, so 
that the integrals of the upper line of (39 d) become 

1 y»^ 1 _ I /»2: 1 __ 1 ^y 1 _ 

" (4e) 

and the required integral is therefore the result of the elimina- 
tion of x^iV^i fcc. between the equations obtained from'*(3 e 

*T(ote. This last process, which is necessary in order that ^ may 
become a given function of x, y^ &c. when t becomes r, is neglected 
in the ordinary solution of this question given in (Lacroix, Calc. Diff. 
et Int., 2d ed., VoL I, p. 572). 
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Equations of the first order. 

and 4e) by the substitution of (92 d) and of the value of s 
obtained from (2 e) by changing T, X, F, &,c. to T^,X^, 

21. Integrate the preceding example when T, JT, F, &c. 
are the same as in example 17. 

AfiB. The integral in the equation obtained by the elimina- 
tion of x^^y^y &c. and 5^ , between the equations obtained 
from 
^ z= V^ + 5^ (f— T) + p^ (x— x^) + q^ {y—y^) + &c. (5 e) 

T T T 

and i2^ = 0, (7e) 

by the substitution of (92 d). 

22. Integrate example 20, when 

r==T'AV, jr=^'J9,V,&c. (8e) 

where T', X'^ F', &c. are functions, respectivoly, of t, x, y, 

Ans. The integral is the equation obtained by the elimina- 
tion of s^^x^, y^y <S^c. between the equations obtained from 



v=Vr+K2',+ jirrR )Jr T> 

and i2^ = 0, (He) 

by the substitution of (92 d). 
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Equations of the first order. 

23. Integrate example 20, when 

T=T'{D,^P)\ X=X'(J9,v^)«&c., (I2e) 
where T*, JC\ &c. are the same as in the preceding example. 

Ans. The integral is the equation obtained by the elimina- 
tion of 5^, x^ , ^^ , &c. between the equations obtained from 



^WK+ ' ' / ^ )f! r^ (13 e) 

1, — f> ' 



T T 



V T' 



= ^i-^ f" -^ = &'C- (He) 

and (11 e) by the substitution of (92 d). 

24. To integrate the equation 

12 = 0, (15e) 

when JR is a function of /,x,y, &c., 2>,, V*, i>,V, &c. and q> 
where 

9z=/Z>,V +a?I>, V^ + d&c. — V. (16e) 

Solution. If 5, |7, ^, &.C. have the same signification as in 
§222, (16 e) gives 

9 = / 5 +0?!? -f &c. — V, (17 e) 

and if the differentials are taken, as if s, p, q, &,c. were the 
independent variables of which t, x, <Sz;c. are functions, we 
have 

D.q>^ t+s D. t-\'p D, X+&C.— Z>, V D, t—D, V 2>, x— &c. 

= ^ (18 e) 
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Simultaneous equations. 

and, in the same way, 

Dp<p=ix, D,(p = y, &c. ; (19 e) 

that is, t, X, y^ &c. are the differential coefficients of q> rela- 
tively to 5, JO, gr, &c., and, therefore, the integral of {\^ e) may 
he obtained as if <p were the unknown function, 5, p, q, ^c. 
the independent variables, and t, x, y, S^c. the respective diffe" 
rential coefficients. 

224. When the required function v is dependent 
upon several variables, there may be several given equa- 
tions between its differential coefficients, and the solu- 
tion is possible, provided the number of equations does 
not exceed the number of variables. In this case of 
several simultaneous equations^ as many differential co- 
efficients may be eliminated as the number of equations 
exceed .unity ; and the resulting equation may be inte- 
grated by the preceding methods. It is to be observed 
that, in the integration of this equation, those variables 
may be regarded as constant, of which the correspond- 
ing differential coefficients have been eliminated. The 
relation of the required function to the variables, which 
have been thus regarded as constant, is determined by 
substitution in the given equations of the result of the 
integration. The limits of this volume do not, how- 
ever, permit any examples of this process. 
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— ^ - 

Equations uf ilie second order. 



CHAPTER Xll. 

INTEGRATION OF DIFFERENTIAL EQUATIONS OF THE 
SECOND ORDER. 

225. Problem, To find a function v of two varia- 
bles j X and tj which satisfies a given differential equation 
of the second order, and which becomes a given function 
of X for a given function r of t, and its first differential 
coefficient D^ V , taken relatively to t, becomes another 
given function of x for the same value of t. 






Solution, Let 

and let the given equation, by the substitution of these values, 

become 

12 = 0. (21 e) 

If D' denotes the differential coefficient of a function taken 
relatively to either of the given functions of a?, we have 

D'^=ipD'x, D'p=:lD'x, D's=zQ.D'x. (22e) 

Although X is independent of t, it mny be assumed to be an 
arbitrary function of t, and in this hypothesis V, |?, 5, &c, will 
become functions of t, and will give 

Dt^P = s+p D,x, (23 e) 

Dts =^ + Q Dtx. 5 
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Equations of the second order. 



The differential coefficients of (24 e) are 

D'D.s = Do+ D'Q.D,x + Q D'D.x, \ ^ ^^ 

and those of (22 e) give 

D' D, s = D,Q p X + Q DD, X ; ] ' 

which, substituted in (25 e), give 

D'q = D.l.D' X — D^^x.D' ^, (27 e) 

D'^ =: D^Q.DtX — D^x.D'^ 

= {D,Q — D,^,D,x) D'x + {D,x)^Di^. (28e) 

If the values oP Z>'v^, Dp, D' s, D' q and D^cf (22 e, 27 e, 
28 e) are substituted in 

D' R = 0, (29 e) 

the resulting equation contains the two arbitrary and indepen- 
dent elements />' x and D' 4 , the coefficients of which, being 
put equal to zero, give the two equations 

D^R{J),x)^-^D^R.D,x-^ D. R = 0, (30 e) 

D^R{D,Q — D,^.D,x) + DgRD^ + QD.R + ^Dj,R 
+ pD^R + D^R = 0, (31 e) 

Whenever, from a judicious combination of the equations 
(21 e, 23 e, 24 e, 30 e and 31 e), three equations can be found 
capable of integration, the elimination of ? , <f and £ between 
the three integrals of these equations and the equation (21 e) 
will give two equations between p, s, V', x, x^^V^^, 5^', p^ , q^ 
and $ . In the two equations thus obtained, Dt V and Dx v 
may be substituted for 5 and p, Dx^ rff for p^ , D\ V^ for | , 
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Equations of the second order. 
Dx s for Q^ , and two functions of x for V^ and 5 corre 

T T • T T T 

ponding to the gi\ren functions of x, which ^ and s becon 
when t becomes t. Between the two equations thus obtained 
X may be eliminated, and the resulting equation is a JifTerei 
tial equation of the first order, and its integral, obtained b 
the methods of the preceding chapter, is the required inti 
gral. 

This process is precisely similar to that of § 222, and i 
derived from the same principles. 

226. Corollary, The two given functions of x are wholl 
arbitrary, and may be altogether independent of each other 
They involve, therefore, in the general value of V, two inde 
pendent and arbitrary functions of V^, x and /, and which maj 
be independent, not merely in reference to the nature of the 
functional operations themselves, but in regard to the variables, 
that is, to the combinations of V, x and t, upon which they 
depend. This variable or combination is represented by x in 
the preceding section. There must, therefore, in general, be 
two different values of x^ , each of which will give a different 
equation of the first order, the integral of either of which leads 
to the required value of V'. But instead of integrating the two 
equations of this first order independently of each other, it will 
be found much easier to integrate either of the equations ob- 
tained from them by the elimination of D,^ or Z>( V* 

227. Scholium. There are many cases in which it is ex- 
pedient to transform the given equation, before applying this 
process of integration ; and some of them will be considered 
among the examples. 

Whenever the three reqjciired integrals cannot be obtained, 
the preceding process is inapplicable, although the given equa- 
tion may sometimes admit of integration in these cases, by 
means of analytical artifices. 
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Eqaations of the second order. 

5228. Examples. 

1. Integrate the equation 

D]y^+ {a+b) Dl,^p + ab Dlrp = P, (32e) 
in which P is a given function of x and t. 

Solution. In this case the equation (21 e) is 

a+{a + b)Q + ab^z=P, (33e) 

and (29 e) is 

i>/ a + (a+6) !>' Q + a 6 Z>' ^ = Z>, P. i>' X. (34 e) 

Hence, hy the substitution of (27 e and 28 e), the coefficient 
of D' ^ pljEiced equal to zero, is 

{D,x)^ — {a + b)D,x + ab=iO; (35 e) 

whence 

2>, X = a or = 6, (36e) 

x — x^=. a{t — r) or = 6 (* — t). (37e) 
The first of these two values reduces (23 e and 24 e) to 

D,5=<' + a^=— 6q— a6§+P=— 6Aj,+P,$ ^ ' 

D,s + bD,p = P, (39 e) 

in which P may by (37 e) be reduced to a function of t, and 
denoted by P^ ; hence 

s-s^ + b{p-p^)=ftp,. (40e) 

In the same way, if 5^ , p^ and P{ denote the corresponding 
values when the second equations in (36 e and 37 e) are em- 
ployed, we find 

^ -< + « (P - p;) =/^' Pi . (41 e) 

24 
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Eqaationi of the Becotid order. 



These two equations become, by the sabstitationof /Ix for the 
Talaes of v and Dt V^ when t is r, 

D,yfr^b D,yh'fo{x-at+aTy4fD^f{x^t+ar)=:Q, (42c) 
Dt v+a I>. V-/o (a^ *+6 ^)-a D,f{x-i t+h t)=Q', (43 c) 

in which Q and Q' are the values which the second menibers 
of (40 e and 41 e) acquire by the substitution for x^ of its 
yalue given by (37 e). The combination of these two equa- 
tions gives 

(a— 6)I>, V— a/o {x^at^a r)+bfo («— 6 t+b r) 
-a ft D^f.ix-a /+a r)^a b D,f{x-l ^+ft T)=:a Q-ft Q', (44 c) 

(a—b) D^ V-f/o (x— a *+a ^)— /o (x— 6 *-f ft r) 

+6 B,f {x—a t+a^)^^f{x^b t+b t)=Q'— Q, (45 e) 

the integral of which is 

(a-ft) V+/,/o («— a *+« ^)-/./« (*-* «+^ ^) 

+6/(x-a<+a ryaf.{x^t+a t)=/^' (a Q-ft Q'). (46 e) 

S. Integrate the preceding example when 
P = tx. 

Ans. The equation (46 e) when its second member be- 
comes 

i (a-i) (t-r)^ [i X (t+2 T) _^ («+6) («+3 ») («_T)]. 

'8. Integrate the equation 

^9 2>Jv; + 2*x />?., V + x2 2>;^ = P, 
in which P is a given function of a and t. 
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Equations of tb« second order. 

Ans. ^f. ?f + (/.. ^ + 1 D,f. ^ ) (*_)+ Q, 

t % 

in which P^ is the yalue of P when 9 is changed to — ^^ Q is 

the yalue of 

pt pt P, 

when — r^ is sabstituted for x^ . 

t ^ 

4. Integrate the equation 

in which P is a function of ^L^ 

Solution. In this case (30 e) becomes bj (20 e), 

^ (A x)9 + 2p 5 1>, X + 53 = 0, 

whence DtX =z , (48 e) 

and by (23 e, 24 e and 27 e), 

D,y^=zO, (49 e) 

D,p=ZQ-ti, (50e) 

P 

D,s=.-'j = '-l-'^+Pp=:LD,p + Pp. (51 e) 

Hence "" 

A.- = P and li>,.-=l; (62e) 
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EqaatioDS of th« second order. 

and since P is a function of—, the integral of (52 e) may be 
directly obtained, and gives — in terms of t, and this value 
snbstitated in (48 e) gives 

x_., = -/;i-. (53e) 

whence, by (49 e), 

V = v^ =/. \ ; {^ «) 

and the required integral is obtained by the elimination of x 
between (53 e and 54 e). 

5. Integrate (47 e) when the second member is zero. 

Ans. «=F.V— -^^^(t-T), (65e) 

in which JPis the inverse function of y, and f is the different 
tial coefficient of F taken with respect to its variable. 

6. Integrate the equation 

IJ^V'.D^V — (2?;„V)« = 0, (56 e) 

Solution. In this case (21 e) is 

o^ — g^znO, (37e) 

and (30 e) is 

whence Q^ (D^x)^ -{- 2 Q o D, x + <^ = 

D,x ^, 

and (23 e and 24 e) give 

i>( S = 0, s z::z Sx 

Ap = o, p^p^ 

D,^ = s^+p^D,x 

V - V^ = s^ (t — r) +p^ {x-9^). 
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and (31 e) gWe9 
whence 






and the required integral is the result of the elimination of 
CE^ between the two equations * 

'-''r^^it-r). (68e) 

V,-/.«^=/o.x^(*-T)+/:x^(x_x^), (59e) 

;ili which' the accents denote the successive differential coef- 
ficients of the functions. 

7. Integrate the equation 

^DI^ — rpD^^=z{D, V)« — (Z>. V')*, 

when the value of ^ becomes/x./o x when t becomes r, and 
the value of 2>< V' becomes 

in which /' and/^ are the differential coefficients of/ and^o- 
4ns. ^:=zf{x+t — r).f^{x — t + r). 

8. Integrate the equation 

1>? V — 2>J V — 7 Z>, V = 0, (60 e) 

Solution. In this case, the general form of solution is in- 
applicable without previous transformation. For this porpoae, 
-by putting 

V^ =z Z>4 V, (61 •) 

24» 



Digitized by 



Google 



282 INTEGRAL CALCOL17S. [b. t. Ctf. XlL 

Equations of the lecond order, 
the differential coefficient of (60 e) relatively to ^ is 

I>»V^_i>;v'— ? Av^ + jaV^ = 0. (62e) 

The integral of (62 e) may be found by the general process, 
which gives 

A2 = ±l, X — x^=±(f — T), (68 e) 

2>,5 = <^±t> = zfc I>,p +y- -^, (64e) 

Ap = (?±^ (65e) 

l>,V'=:5±:i>, • (66e) 

and the remainder, after subtracting (66 e), divided by fi from 
(64 e) divided by t, is 

'.A£^=± ( L^ij:^) +'-5^:^=1^. (67 e) 

the integral of which is 

The sum of the equations involved in (68 e) is 

^ A y' f a (^^+^^)+/a (x+t--^) _ /;(x+^-T)>/;(a>-t+T) 
t r T 

+ y-/.(--^+^)+/.(--H-'), (eae) 

in which /i x, and /, x denote the values of V' and Z>« V" when 
f is Ti and f2 X is the differential coefficient of /a ^ relatively 
to z. 



Digitized by VjOOQIC 



^ 228. j DirrSBENtlAL X^tfATlONS 09 SECOND ORDER. 269 
Equation! of the ■econd order. 

The integral of (69 e) is 

+ /.(»= + «—')+/,(«-« + ') 
-F,(x + t-.)-FA^-* + r)^ ^gg^,j 

in which F, x and i^, z are the integrals of/, x and /^ x 
relatively to x. But it follows from (60 e, 61 e and 63 e) that 

/o*=/i* (70 e) 

/,x=/';x + ^/,x, (71c)* 

whence (69 e') becomes 

^l^t=F"{x + t^r)-F^{x-t + r) 
+ /.(* + «-■') +/o(>'-« + ^) 

and y* is obtained from the integral of (72 e). 
4). Integrate the equation 

in which P, S, and T are functions of D^ v', and D^s^. 

Solution. Let 

tpz=ist+px — V, ('''4 e) 

in which' 9 and p have the same signification as in (20 e). 

And if the differentials are taken as if 5 and|? are the inde- 
pendent variables^ of which t and x are functions, we have, as 
in (18 e and 19 e), 

D,<p=:t, D,g>=:x. (75 e) 
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Integration of eqaation of flurfveo of ininiipum extent. 

The differentials of (75 e), taken as if # and x are tbe inde- 
pendent variables, while the first members are expressed in 
terms of p and s, are 

And (76 e) and (77 e) give 

Vl.^S^ = D,pz=:D^s=z—MJ}l.ip \ (78e) 

in which 

1=(D;.,9)2-I».i^9,, (79e) 

and the substitution of (78 e) in (74 e) gives 

which may be integrated as if j? and s were the independent 
variables. 

10. Integrate the equation of the mrface of mini" 
mum extent. 

Solution. Bj changing^ in (959), x, y and a: to ^, z and % 
to correspond to the notation of this section, that equation be- 
comes 

(l+(DxV)^)J>JV-2Av.2>^VD?..V+(l+(AV0^)DiV=O. 

(81 e) 
By the substitution of the preceding example this^ equation be- 
comes 
(l+p»)l>> + 2p5 2>;..9+(l.+ a3)/>jy=,0, (82e) 
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Integration of equation of surface of minimum extent. 

which cannot be integrated bjr the direct application of the 
general process. If, however, we put 

9' = I>.V, (83 e) 

the differential coefficient of (82 e), relatively to s, is 

+ 2 p Z>^ y' -f 2 5 Z>, 9>' = 0. (84 e) 

The general process applied to this case gives, by patting 

(1 +s2) (D.p)2_2p , D.p + (1 +i>«) =0. (86 e) 

the integral of which, foond by the process of Ex. 27 of 
^220, is 

,.|=&.±^[_,_(._^.)']. (37,, 

in which s^ and p^ should be accented when the lower sign is 
used. 

Instead of proceeding with the direct process, we may put 

T T 

and (87 e) gives 

|, = »is + V(— !-»»') = »» — VC—l—"'). (89e) 
(l+s»)»»a— 2/)«i» + (l-f:pi') = I 

(l+«2)i.a— 2i>s»+(l+p»)=0, } ^®®*) 
, 2 Pi l+p« ,-, . 

'» + '» = HP' "•''=1^' (®i«) 

D.p = mD„s, D^p^nD^s, (92e) 
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Integration of oquation of mrfaco of minimiiB oxtest. 

= - [( 1 + P») ^ ^^^ + 2 .!» s 1>? ., T' + ( 1 + 5«) 1>! ^] 

. =0. (94 e) 

Hence we find by integration, 

q>' =zF.m — F,mr -f /. n, (95 e) 

in which /. n is the function which ^ becomes when m * be- 
comes m^ I and I>m /• m is the function which Z>^ 9' becomes 
for all values of n. The equations (75 e and 83 e) give tiie 
values of yf,t and x in terms of m and n. But it maj be ob- 
serred that t is the same as 9'. 
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Particular aolutioDs. 

CHAPTER XIII. 

PARTICULAR SOLUTIONS OF BIFFERENTIAL EQ,UATI0N8. 

229. In addition to the integral of a differential 
equation, there are particular solutions, which are not 
included in the general forms of the integral. 

230. Problem. To find a particular solution of a 
differential equation of the first order between two va- 
riables. 

Solution. Let x and t be the variables, and let 

R = (96 c) 

be the equation, and let 

X=0 (97 e) 

be the required solution which is supposed not to be included 
in the general form of the integral represented by 

V=0. . (98e) 

If, however, (97 e) were a case of (98 e) corresponding to 
the value x^ of the arbitrary constant x^ involved in (98 e), 
and if we put 

h=zx^ — «^ , (99 e) 

the difference between the values of z derived from (97 e and 
96 e) must vanish with h, so that where h is an infinitesimal, 
if x' denotes the value of z derived from (98 e), and « its valae 
froiki (99 e), we may put 

«' — «=:jr'il», (If) 
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Particalaf lolutions. 

in which X* is a function of x and t different from zero. If 
^ is the value of Dt x giren by (97 e), and pf its yalue giren 
by (98 e), we shall also have^ when x' — x is an infinitesimal, 
j>'— p=JP'(i' — z)-=P'X'*A"-, (2f) 

in which P' is a function of x and t different from zero. 
But the differential of (1 f ) gives 

p'—p = D,X'.h\ (3f) 

Whence we must have, if (97 e) is a case of (98 e), 

P' -T' « A« " = D, X', hr: (4 f ) 

But if m is less than unity, A"*" will be infinitely greater than 
A**, and the equation (4 f ) becomes 

P'X'»=0, (5f) 

which is impossible, so that in this case (4 f ) cannot be satis- 
fied, and (97 e) is not a case of (98 e), and is consequently a 
particular solution. 

If m had been unity, (4 f ) would have been reduced to 

P' X' t=t Dt -T', (6 f ) 

which is easily satisfied. 

If m were greater than unity, (4 f ) becomes 

D, X' = 0, JT' = constant, (7 f ) 

so that a particular solution is only indicated by the condition 
that m is less than unity. 

The differential of (2 f ) gives 

D,.p' — mP'{txi — xY-'\ (8f) 

which, when x' differs infinitely little from x and m is less than 
unity, gives 

that is, Dxt is a fraction whose denominator is zero. 
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Particular solutions. 

The differentiation of (96 e) relatively to x gives, by aubsti- 
luting p for D^ x, 

DpR.D,p + D,R = 0, (10 f) 

Whence by (9 f ), 

D^R = 0, (12 f) 

provided the numerator cannot become infinity, which will 
be the case when (96 e) is free from radicals and fractions. 
This equation (12 f) corresponds to the particular solution, 
and leads to the particular solution by the elimination of p be- 
tween it and the given equation (96 e). 

231. Corollary. A similar method of finding particular so- 
lutions may be extended to other differential equations. 

232. Examples. 
1. Find the particular solution of the equation 

t + xDtXz=id,x^{x^ + t^ — aa). (13 f ) 

Solution. This equation, freed from radicals, becomes 
{t + xp)^=p^(x^ + t^-a^), 

whence (12 f) becomes 

x{t + xp) =p (a?24-«2 — a2). 

The elimination of p gives for equation 

(a;2 _ ^2) (aj2 + /2 — a2) = 0, 

of which the factor 

x2 + ^a _ «2 ~ (14 f) 

is the particular solution. 
25 
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Particular eolutions. 

2. Find the particular solution of the equation 

x-^tD^x + F, ^ (15 f) 

in which P is a given function of Dt x. 

Ans, It is^ the equation obtained by the elimination of |> 
between the equation 

- = 'P+^' I (,6f) 

and t + Dj,P' = 0, S 

in which P' is the value of P obtained by the substitution of 
jp for Dj I. 



THE END. 
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